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WTS =  T-section specimen width  m 
β = Kink-band angle radians 
γy = Longitudinal shear yield strain % 
δ = Load point displacement  m 
θ = Ply waviness angle radians 
ν12 = Poisson’s ratio (x-y ply orientation) - 
ν23 = Poisson’s ratio (y-z ply orientation) - 
ν31 = Poisson’s ratio (z-x ply orientation) - 
π =  Mathematical constant (3.14159) - 
ρ = Nominal density kg/m3 
σ = Applied stress Pa 
σc =  Compressive strength Pa 
σco = Compressive strength (laminate without CVM galleries) Pa 
σf =  Fracture stress Pa 
σL =  Longitudinal stress Pa 
σl = Lap-joint strength Pa 
σmax = Maximum stress at the hole edge Pa 
σmin = Minimum stress at the hole edge Pa 
σn = Fracture stress (notched specimen) Pa 
σo = Fracture stress (unnotched specimen) Pa 
σres = Residual strength Pa 
σt = Tensile strength Pa 
σto = Tensile strength (laminate without CVM galleries) Pa 
σT =  Transverse stress Pa 
σTS =  Tensile pull-off strength Pa 
σTSo =  Tensile pull-off strength (specimen without CVM galleries) Pa 
σTT = Through-thickness tensile stress (without CVM galleries) Pa 
σTTo = Through-thickness tensile stress Pa 
σy = Normal stress Pa 
σ1 = Local interface stress at debonding Pa 
τ = Interlaminar shear strength Pa 
Nomenclature  xix  
 
τo = Interlaminar shear strength (void-free laminate) Pa 
τv = Interlaminar shear strength (laminate with voids/galleries) Pa 
τy = Longitudinal shear yield stress Pa 
φ = Fibre misalignment angle radians 
φ = Initial fibre misalignment angle radians
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Summary 
 
This PhD thesis evaluates the mechanical properties and damage tolerance of 
aerospace carbon/epoxy laminates containing long, narrow interlaminar galleries. The 
term ‘galleries’ refers to thin and long holes in a laminate used for the installation of 
small measuring devices, such as structural health monitoring (SHM) sensors. The 
galleries considered in this study are similar to those used in a novel SHM system 
known as ‘Comparative Vacuum Monitoring (CVM)’. CVM was developed by the 
Australian company - Structural Monitoring Systems (SMS) - for damage detection in 
aircraft structures. CVM is a SHM system that utilises pressure differentials between a 
parallel series of galleries at atmospheric or low pressure to detect damage initiation 
and propagation. Thus far, CVM has been used for the monitoring of surface cracks in 
metallic structures using surface mounted sensors. Recent research has also 
demonstrated that it may be possible to monitor damage along the bond-line of both 
metallic and composite joints using CVM. The ability of CVM sensors to detect 
delamination damage inside composite structures is less well understood.  It is 
envisaged that CVM can be used for the through-life health monitoring of composite 
aircraft structures prone to delamination damage. However, a major concern with 
applying CVM to composite laminates is the open-hole design of the galleries that 
may initiate damage growth under external loading. Material property data, structural 
tests, and models for predicting the properties of laminates containing galleries is 
needed before CVM technology can be certified for use in aircraft composite 
structures. 
The primary objectives of this PhD thesis are the development of an optimum process 
method for introducing multiple interlaminar CVM galleries in composite laminates; 
the development of a validated model for calculating changes to the mechanical 
properties of laminates containing CVM galleries; and the determination of optimum 
CVM gallery shape, size and orientation combinations for minimising the effect of the 
galleries on the mechanical properties of laminates.  
The effects of the shape, size and orientation of CVM galleries on the mechanical 
properties of carbon/epoxy laminates are evaluated by an extensive experimental 
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research program, and the results are presented in the thesis. The properties 
investigated include the in-plane tensile and compressive properties, tensile and 
compressive fatigue life, through-thickness tensile strength, interlaminar shear 
strength, mode I and mode II interlaminar fracture toughness, and impact damage 
resistance. The results from tensile tests on lap-joints and T-joints containing CVM 
galleries are also presented.  
The thesis provides a comprehensive review of the CVM system and available CVM 
sensor architectures for damage detection in metallic structures and composite bonded 
repairs. Assuming that the open-hole design of the galleries would cause the 
mechanical properties of laminates to behave in a similar manner to laminates 
containing interlaminar voids, a review of the scientific literature on the effects of 
voids is presented in the thesis. From this review, gaps are identified in the current 
understanding of the mechanical behaviour of carbon/epoxy laminates with embedded 
sensing systems; which is the focus of this thesis. 
The research begins with an experimental investigation into the most effective process 
method for introducing galleries between the plies of laminates manufactured using 
aerospace-grade prepreg materials. The most viable method was found to be during 
the lay-up stage of the uncured prepreg stack, thereby eliminating the need for drilling 
the cured material. Two designs of galleries, identified by their cross-sectional shape 
– circular or elliptical – were developed. This was achieved by using two mandrels: 
glass tubes were used to create circular galleries and removable silicone rods were 
used to produce elliptical galleries. Gallery sizes ranging from 0.17 to 0.68 mm in 
diameter for circular galleries and from 0.58 to 2.98 mm for elliptical galleries were 
produced.  This method is considered an inexpensive, controlled and simple method 
for manufacturing aircraft composite components containing CVM galleries. 
The shape of the galleries (circular or elliptical) does not affect their ability to act as 
CVM sensors for the detection of interlaminar damage, although it may affect the 
mechanical performance by changing the laminate microstructure. For instance, 
increased ply waviness around the galleries and volumetric bulging which reduce the 
average fibre volume content are two major changes to the microstructure associated 
with the introduction of galleries. Laminate specimens were examined using optical 
microscopy to quantify the microstructural changes caused by CVM galleries. Ply 
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waviness caused by the circular galleries was found to be greater than that caused by 
the elliptical galleries (for a fixed gallery diameter in the fibre direction). This is 
because the elliptical galleries are flattened in the fibre direction, which reduces the 
amount of ply distortion. The effect of ply waviness on the mechanical properties is 
also dependent on the orientation of the galleries. When galleries are aligned in the 
normal direction to the load application it is the load-bearing plies that experience the 
increased waviness. Conversely, when galleries are in the parallel direction to the 
load, it is the transverse plies that are distorted while the load-bearing plies are not as 
affected. Insertion of the galleries causes the laminate to swell (i.e. increase in 
thickness), which cannot be completely removed during consolidation and curing 
because of the resistance against compaction imposed by the mandrels used to form 
the galleries. This bulging, which increased with gallery size, caused a reduction in 
the average fibre volume content of the laminate, thereby influencing the mechanical 
properties.  
The thesis presents a series of experimental investigations into the mechanical 
response of laminates containing CVM galleries under various loading conditions. 
The evaluation of the mechanical properties begins with the elastic, ultimate strength, 
fatigue properties and failure mechanisms under in-plane tension and compression. 
The research findings reveal that the Young’s modulus and strength decrease with 
increasing gallery diameter above a critical size. The reduction is attributed to ply 
waviness around the galleries, reduced load-bearing area due to the open-hole design 
of galleries, and reduced fibre volume content caused by laminate bulging. The loss in 
properties is generally higher when galleries are aligned transverse (90o) to the load-
bearing fibres compared to the longitudinal (0o) direction. For example, a maximum 
reduction of ~10% in the tensile and compressive strengths occurred when the 
laminate contained longitudinal galleries, whereas the reduction in strengths for the 
laminate containing transverse galleries was as high as 50%. This is because a higher 
percentage of load-bearing plies are distorted by galleries in the transverse direction. 
The effect of gallery shape is primarily attributed to the degree of ply waviness. 
Considering elliptical and circular galleries of similar size, the elliptical galleries 
caused a smaller degree of ply waviness and as such caused a small loss in strength 
compared to the similarly sized circular galleries. A simple analytical model is 
presented for estimating the elastic modulus of laminates containing galleries and for 
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determining the strength of laminates with galleries aligned parallel to the load 
direction. The tensile and compressive fatigue life of laminates containing transverse 
galleries of different sizes was investigated. Large reductions in the fatigue life and 
strength (after 106 load cycles) were measured when the CVM galleries exceeded a 
critical size. 
The effect of CVM galleries on the apparent interlaminar shear strength (ILSS) was 
investigated and was found to decrease at a linear rate with increasing gallery size and 
volume fraction. The reduction in ILSS is attributed to the decreasing effective 
interlaminar load-bearing area as the gallery size or density is increased. An analytical 
model for predicting the reduction in ILSS with increasing gallery size and/or density 
is presented, and it shows good agreement with the experimental data.  
Investigation of the through-thickness tensile properties of laminates containing very 
thin galleries revealed no measurable changes in the through-thickness strength with 
increasing gallery size, up to a critical size. The maximum reduction in through-
thickness strength was only 6% for laminates containing relatively large (2.98 mm) 
galleries. At this gallery size, failure initiated at a gallery and the interlaminar crack 
grew along the plane of the galleries. Failure in laminates containing smaller galleries 
occurred between a single ply interface, and not along the plane of galleries. 
Variations in the through-thickness strength results of galleries smaller than 2.98 mm 
lie within experimental uncertainty, indicating no considerable change from the 
gallery-free laminate.  Some doubts exist about the reliability of the through-thickness 
tensile test method and this is discussed in the thesis.  
Finite element analysis (FEA) of a laminate containing CVM galleries was conducted 
to examine changes in the stress/strain distribution as the gallery spacing and shape 
were modified. The FE model was evaluated under an in-plane tensile load, through-
thickness tensile load and interlaminar shear load. The FE results indicate that the 
circular galleries cause slightly less strain concentration than similarly sized elliptical 
galleries because the geometric stress concentration factor around a circular hole is 
considerably lower. However, circular galleries cause a larger degree of ply waviness 
which causes a greater reduction in the strength properties.  
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The thesis also examines the effect of CVM galleries on the modes I and II 
delamination toughness and impact damage resistance. It was found that the galleries 
improve the mode I delamination toughness by blunting and deflecting the crack tip, 
with the maximum improvement being double the toughness of the laminate free of 
galleries. The toughness increases with the diameter of the gallery up to a critical size, 
above which no further improvement is achieved. This suggests that galleries may 
serve the duel role of being SHM sensors while also improving the delamination 
toughness under mode I loading. However, the composite is more prone to unstable 
delamination cracking in the presence of galleries. The mode II interlaminar fracture 
toughness decreases steadily with increasing gallery size, suggesting that the 
toughening mechanisms that operate under crack opening (such as blunting and 
deflection) do not occur under sliding displacements due to the instability of the crack 
growth process. Low energy impact testing (8 - 20 J) revealed that galleries below a 
critical diameter improve the impact damage resistance of laminates. Ultrasonic C-
scan images revealed shorter damage growth in the direction perpendicular to the 
gallery orientation (damage width) in comparison to the crack growth parallel to the 
gallery orientation (damage length). This is attributed to crack tip blunting which 
restricts damage as the crack breeches a series of galleries. However, above a 
threshold gallery size the overall impact resistance (based on total damage area) is 
degraded, with laminates containing wide galleries (2.98 mm) exhibiting double the 
total impact damage area than the laminate without galleries.   
The effect of inserting CVM galleries along the bond-line of composite structural 
joints is also explored in the thesis. Tensile pull-out strength tests on adhesively 
bonded and co-cured lap joints and strength tests on co-cured T-joints containing 
galleries were performed. The results show that galleries cause no notable reduction in 
the pull-out strength of the lap joints whereas tests on T-joints showed a 15% 
reduction.  
Based on the findings of the experimental investigations and FE analysis, the thesis 
provides a series of guidelines that can be used in the design of aerospace composite 
structures containing interlaminar CVM sensor galleries. Recommendations for future 
research are also provided to facilitate the future design and application of a CVM 
system that will enable the structural health monitoring of aerospace laminates.  
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Introduction 
1 Introduction 
1.1 Aircraft Composite Structures  
"Continued development of advanced composite technology is of major importance for us as a 
business," Airbus Executive Vice President, Alain Garcia [1].  
The quest for superior materials, innovative manufacturing processes and improved 
safety is a reality for all aircraft manufacturers. The ultimate goal is to satisfy the 
customer (airline) requirements and minimise product acquisition and lifecycle costs. 
Fibre-polymer composite materials provide designers and manufacturers of aircraft 
structures with many advantages over metallic materials such as aluminium alloys. 
These include weight and cost savings, high specific strength and stiffness, long 
fatigue life and design adaptability to various loading conditions. Further advantages 
include superior corrosion resistance, thermal stability and acoustic insulation. The 
robustness of the fabrication methods for composite structures such as resin transfer 
moulding (RTM), automated tape layup and automated fibre placement, and the 
reduction in the number of joints and assembly parts achieved by applying such 
manufacturing processes provide further advantages in using composite materials to 
manufacture aircraft structures [2]. 
One of the most critical advantages of composites is the reduction in acquisition and 
lifecycle costs. The cost savings are the direct result of weight savings, lower tooling 
costs, and reduced number of parts and assemblies due to advanced fabrication 
methods. However, composite structures also have some inherent disadvantages, such 
as susceptibility to impact damage, delamination and hydrothermal environments, and 
the difficulty often involved in component inspection and repairs [2]. Leading aircraft 
manufacturers in both the civil and military aircraft industries, including Airbus, 
Boeing, Lockheed Martin and Northrop Grumman, have placed a significant emphasis 
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on the extensive use of composite structures in order to achieve weight and 
operational cost savings as well as superior structural properties and aircraft 
performance. 
For Airbus, the A380 (see Figure 1-1) embodies the current industry focus on 
innovation with a range of new technologies for materials, processes, systems and 
engines being developed, tested and adopted [1]. Today, the A380 is continuing the 
Airbus tradition of innovation with the increased use of carbon fibre reinforced 
plastics (CFRP) in the manufacture of primary structures, such as the application of 
CFRP to the rear pressure bulkhead section and centre wing box, and the application 
of glass fibre-aluminium laminate (GLARE®) in a pressurised fuselage [3-5]. As a 
result of the extensive use of composite materials, the A380 has the potential to 
increase operator’s return by as much as 35%. Furthermore, the A380F freighter is 
able to carry 50% more freight and use 18% less fuel per tonne than its closest rival 
due to the weight savings made possible by the extensive use of  composites – 25% of 
the A380 structure is made using composite materials [6].  
 
Figure 1-1 A380 Composite Components Outline [7] 
The B787 Dreamliner is Boeing’s latest contribution to the commercial aircraft 
industry and another example of innovative design by using unprecedented quantities 
of composite materials and state-of-the-art manufacturing processes to achieve weight 
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savings, performance superiority and maintenance cost savings. As much as 50% of 
the primary structure, including the fuselage and wing, is made of composites (see 
Figure 1-2) [8]. Boeing estimates that maintenance savings will result in about $8 
million of additional operating revenue per plane during the first eight years of service 
[9].  
 
Figure 1-2 Boeing 787 Dreamliner Primary & Secondary Structure Materials [10] 
The light-weight and low IR signature properties of composites are utilised in the 
design and manufacture of stealth fighter aircraft such the Joint Strike Fighter (F-35) 
developed by the Lockheed Martin Aeronautics Company (see Figure 1-3). The F-35 
airframe makes extensive use of composite materials with approximately 35% of the 
airframe consisting of carbon/epoxy composites [11]. The extensive use of composites 
on the JSF, as well as the development of innovative manufacturing processes aid in 
reducing the number of aircraft parts and assemblies, therefore resulting in significant 
weight and operating-cost savings [12].  
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Figure 1-3 Joint Strike Fighter (F-35) [13] 
Producing cheaper, longer-lasting and more environmentally friendly aircraft is a 
challenge that the industry has chosen to confront because it is equipped with the 
advantages offered by advanced composite materials and the inherent innovative 
manufacturing processes associated with them. However, it is important to ensure that 
the weight and maintenance-cost savings offered by composites are not achieved at 
the greater expense of safety and structural integrity. Service-induced damage often 
occurs with composite laminates, hence requiring sophisticated, non-destructive 
techniques for damage detection and monitoring. The ever-increasing use of 
composite materials in aircraft primary structures has resulted in a shift of focus from 
traditional Non-Destructive Testing (NDT) techniques applied during scheduled 
aircraft maintenance events to embedded Structural Health Monitoring (SHM) 
systems.  
1.2 Non-Destructive Testing (NDT)  
During heavy maintenance work, much of the interior of the aircraft is stripped out so 
inspectors can look for damage on the inside surface of the fuselage and structural 
components. However, not all areas of the aircraft are accessible for visual inspection 
and not all damage can be detected by visual means. This is where non-destructive 
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testing (NDT) plays a critical role in aircraft damage detection. NDT allows 
inspectors to assess sections of an aircraft that would otherwise be non-inspectable 
without disassembling the structure to gain access to the internal aircraft areas. NDT 
methods also allow inspectors to detect damage that is too small to be visually 
detected. For instance, eddy current and ultrasonic inspection methods are used 
extensively to locate tiny cracks in metallic aircraft structures that would otherwise be 
undetectable [14]. Ultrasonic techniques such as ultrasonic C-scanning are able to 
detect flaws in composites ranging from voids, porosity, disbonds and delaminations 
to resin cracking, inclusions, and broken or misaligned fibres [14]. Thermographic 
NDT techniques are capable of detecting flaws in composites such as delaminations, 
disbonds, areas of high porosity, and impact damage and moisture penetration of 
honeycomb structures, however they are limited to the detection of flaws that have a 
minimum size approximately equal to their depth [14]. X-ray techniques are also used 
to find defects buried deep within the structure and to locate areas of water 
penetration in sandwich composites [15]. X-ray refraction topography, for example, is 
capable of detecting fibre/matrix debonding resulting from mechanical and thermal 
cycling, while diffraction topography can reveal local fibre orientation of carbon fibre 
reinforced polymers (CFRP) and polymer chain orientation in injection moulding 
materials [14].  
Other, less extensively used, NDT techniques include acoustography, capable of 
larger scanning areas than ultrasonics, and photon induced position annihilation 
technology, used to detect early signs of composite embrittlement that can lead to 
cracking [14]. A combination of ultrasonics, radiography and thermography are the 
primary NDT techniques currently used in the inspection of aircraft composite 
structures.  
The advantages of conventional NDT techniques for the inspection of aircraft 
composite structures are indisputable. However, there are certain limitations and 
reliability concerns associated with some NDT technologies. Regulatory bodies like 
the Civil Aviation Authority (CAA) in the UK have voiced concerns that significant 
defects in critical components are not always detected by NDT methods, even when 
operated by skilled NDT technicians [16]. Human error during maintenance has been 
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identified as the primary cause of 15% of aircraft accidents and thus poses a major 
issue in the reliability of conventional NDT during routine maintenance [11].  
The ability of the NDT technique to detect structural flaws does not depend solely on 
the condition or the capabilities of the NDT equipment but on a variety of application-
specific factors such as the test procedures; the personnel applying them, in particular 
their levels of training and experience; the structure being tested; and the conditions 
under which testing is carried out [16]. Characterisation of a flaw once it has been 
detected is another issue with some NDT techniques, which is often resolved by 
combining two or more techniques in order to view the flaw from various angles and 
obtain a more complete and accurate image. As a result, redundancies have to be built 
into the inspection process by applying a number of NDT techniques to inspect a 
single structural component for the detection of a single flaw, thus increasing the time 
and cost associated in the inspection process [17]. A proposed method for increasing 
the reliability of defect detection in composites is the application of structural health 
monitoring (SHM) systems, which can be used in combination with a smaller number 
of routine NDT inspections for the overall health monitoring and maintenance of 
composite structures [18].  
1.3 Structural Health Monitoring (SHM) 
Structural health monitoring (SHM) can be described as the continuous and 
autonomous monitoring for structural defects through the use of attached and/or 
embedded sensor systems for ensuring the structural integrity of aircraft, automotive, 
civil and marine structures [19]. SHM technologies are directed towards the 
automation and remote monitoring of the physical condition of structures; thereby 
reducing the time and cost involved with aircraft downtime during maintenance, 
required for component disassembly and inspection, as well as minimising the level of 
operator input and human error [11, 19-21]. SHM thus offers the potential for 
applying ‘Condition-based Maintenance’, which depends on the actual condition of 
the aircraft components, rather than the traditional ‘Time-based Maintenance’, which 
is controlled by flight hours regardless of the aircraft component condition at the time 
of the maintenance activity [11]. A longer-term benefit offered by SHM is the ability 
to optimise the design of aircraft structures by incorporating reliable SHM systems at 
the design stage and thereby reducing the requirement for over-designing composite 
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structures to withstand operation with undetected damage [11, 17, 20, 21]. The 
objective of the aircraft industry to reduce structural weight and cost and increase 
performance can be realised by the effective use of reliable SHM systems. 
There are a number of approaches to monitor the health of composite aircraft 
structures. A common method is measuring changes in the local strain distribution of 
the material under a changing load path when the structure experiences operational 
loads. The strain can be measured using sensors such as electrical resistance strain 
gauges, fibre optic sensors or piezoelectric transducers. Damage-induced strain 
changes are usually highly localised and are therefore suitable for monitoring regions 
that are known to be subjected to high loads and are prone to damage [11, 20]. Fibre 
optic sensors such as Fibre Bragg Gratings (FBG) are increasingly being used as 
strain sensors in the health monitoring of composite structures [17]. Bragg gratings in 
optical fibres are made by illuminating the core of a suitable optical fibre with a 
spatially-varying pattern of intense UV laser light. A periodic spatial variation in the 
intensity of UV light gives rise to a corresponding periodic variation in the refractive 
index of the fibre. This modified fibre serves as a wavelength selective mirror: light 
travelling along the fibre axis is partially reflected at each of the tiny index variations. 
Damage in the vicinity of the optical fibre can be detected by comparing the reflected 
wavelength of the damaged structure to the calibrated, ‘healthy’ wavelength of the 
undamaged structure [22]. FBGs are small, stable, sensitive and robust sensors that 
can be used for the detection of strain and temperature changes in composite 
structures. 
Stress wave techniques are another common SHM method for aircraft composites. 
One approach is acoustic emission monitoring, which utilises the acoustic signals 
generated by matrix cracking, fibre breakage or delaminations, to determine the type, 
location and severity of damage. Acousto-ultrasonics generates stress waves from a 
source that can interact with the damage causing wave reflection or scattering. 
Changes in the stress waves are processed and structural damage can be detected. 
Both techniques require complex signal analysis in order to establish the 
characteristics of structural damage [11].  
Vibration analysis approaches, such as impedance techniques, dynamic structural 
response and the random decrement method, can also be used in damage detection by 
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considering changes in the vibrational response of a structure with damage in 
comparison to the known vibrational response of the healthy structure. Vibration-
based techniques also require significant signal analysis, especially when analysing 
complex structures [11].   
The aircraft industry is anticipating an increased use of SHM systems in the future, 
and as a result extensive research is directed towards the development and application 
of SHM for the health monitoring of aircraft structures [19, 20]. Airbus is one of 
many aircraft manufacturers aiming to incorporate SHM systems in the aircraft design 
phase, even though such systems require considerable development. In the long term, 
Airbus hopes to optimise the design of aircraft structures using SHM systems that 
offer the possibility of weight savings while fulfilling airworthiness regulations [20]. 
An example of an Airbus SHM application to a skin-stringer fuselage structure is 
depicted in Figure 1-4. Visual inspection of a skin crack using conventional design 
philosophy assumes that the stringer beneath a skin crack is broken, since there is no 
sufficient monitoring or scheduled internal inspection available for the stringer. Using 
SHM, however, the stringer can be monitored throughout the life of the aircraft and 
can be assumed to be intact, resulting in a less stringent damage scenario of a skin 
crack above an intact stringer, thus resulting in a slower crack growth, as seen in 
Figure 1-5 [20].  
 
 
Figure 1-4 Example for damage tolerance & SHM investigation: skin crack over a broken stiffener[20] 
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Figure 1-5 Reproduced from modified crack growth design philosophy, using SHM to monitor 
stiffeners on fuselage structure [20] 
A number of advantages have been identified by Airbus for the application of SHM 
systems in comparison to traditional NDT techniques. These advantages include the 
reduction of unscheduled down-time for repairs, reduction of visual and NDT 
inspections, and reduction of complex inspections requiring disassembly in areas of 
difficult access and with limited repairability [19]. Airbus have identified some SHM 
system applications in composite structures, including the detection of impact 
damage, delaminations, debondings, water ingress, and high levels of strain by 
applied aircraft loads [19]. Some aircraft components that would benefit from the use 
of SHM are depicted in Figure 1-6.  
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Figure 1-6 SHM Implementation on a A320 MSN01 Airbus aircraft [19] 
Airbus have identified several SHM sensing systems for use in their aircraft, including 
Acoustic Emission (AE) and Acousto-Ultrasonic sensors (AU), Eddy Current Foil 
Sensors (ETFS) for the monitoring of corrosion damage in metallic structures, Fibre 
Bragg Gratings (FBG), Crack Wire (CW) and Comparative Vacuum Monitoring 
sensors (CVM) [19, 23]. Examples of these SHM sensor architectures are shown in 
Figure 1-7. 
 
 
Figure 1-7 Sensors used in Airbus research applications [19] 
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1.4 Comparative Vacuum Monitoring (CVM) 
Comparative Vacuum Monitoring (CVM) was developed by an Australian company, 
Structural Monitoring Systems Ltd. (SMS), with original patents for the CVM 
technology granted in 1995 [24]. CVM is based on the principle of damage detection 
through changes in the air pressure in a series of surface-mounted gallery sensors. A 
variety of sensor types have been developed including self-adhesive elastomeric 
sensors for the measurement of surface crack initiation and propagation. The CVM 
sensor system depicted in Figure 1-8 contains a series of long, narrow, open-hole 
galleries which are attached to the outer surface of the structure via an adhesive sensor 
patch. Every alternate gallery in the series is placed under a state of low vacuum, with 
the other galleries remaining at ambient pressure. As a surface crack grows it breaks 
the galleries, causing air to flow from the atmospheric pressure galleries to the low-
pressure galleries. The change in air pressure is recorded and from this the damage 
area is identified. The test surface becomes one face of the vacuum/atmosphere 
manifold, thereby forming part of the sensor. This eliminates the need for a proxy 
medium such as an adhesive between the sensing system and the test component, 
increasing the system’s reliability [24, 25]. The simplicity, inertness, sensitivity and 
in-situ capability offered by CVM sensors provide major advantages in comparison to 
other SHM technologies [19, 24-29]. 
 
Figure 1-8 CVM surface sensor [29] 
Airbus, in collaboration with their customers, have engaged in extensive research and 
in-service evaluation of CVM sensing systems for the structural health monitoring of 
aircraft metallic structures, some examples of which are depicted in Figure 1-9. CVM 
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surface-mounted and embedded sensor systems are suitable for the health monitoring 
of metallic structures and structural joints, respectively. Existing CVM sensor systems 
can be utilised for monitoring surface cracks of composite structures and adhesive 
failure of composite joints; however it is the monitoring of internal crack propagation 
in laminates that causes the majority of performance concerns in composite structures. 
The current CVM sensor architecture is not suitable for the detection of internal 
cracks in laminates.  
 
 
Figure 1-9 SHM application tests on in-service aircraft [19] 
Although the use of CVM is an exciting prospect, there are certain functional 
requirements that must be met for the viable application and certification of the 
system on existing and future aircraft structures. The damage detection capability of 
the sensing system is imperative. If the CVM system is to be installed for the life of 
the aircraft, the durability of the system under temperature, chemical and mechanical 
loading must be guaranteed. Smooth system integration with existing structures and 
aircraft systems as well as the maintainability and repairability of the system 
components are also issues that need to be addressed with CVM [19, 30].   
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1.5 Aims and Scope of the PhD Thesis  
The increasing use of composite primary structures in civil and military aircraft has 
given rise to the need for further development of the CVM sensing system to provide 
structural health monitoring of laminates using embedded CVM sensors. Research in 
the application of CVM sensors at the bond-line of composite joints and bonded 
repairs has already been considered [26, 28]. However, the ability of CVM sensors to 
detect delamination damage inside laminates is less well understood.  It is envisaged 
that CVM can be used for the through-life health monitoring of composite aircraft 
structures prone to delamination damage. However, a concern with applying CVM 
technology to composite laminates is the open-hole design of the galleries that may 
act as sites for damage initiation and propagation under external loading. Material 
property data, structural tests and models for predicting the properties of laminates 
containing galleries is needed before CVM technology can be certified for use in 
aircraft composite structures. To advance the understanding of the structural 
properties of laminates containing CVM galleries, this thesis presents an experimental 
research examining the effect of galleries of different shapes, sizes, orientations and 
spacings on the properties of aircraft-grade carbon/epoxy laminates. The thesis also 
examines analytical models to predict the effect of CVM galleries on the stiffness and 
strength properties. The models and empirical data can be used to identify the 
optimum configuration of CVM sensors in terms of gallery size, shape, orientation 
and spacing without affecting the properties of aircraft composite structures.   
The aims of the PhD project can be summarised as: 
⇒ Determine a suitable method for introducing CVM gallery sensors in aircraft 
laminates. 
⇒ Develop analytical models to calculate the mechanical properties of 
composites with CVM galleries and validate these models by material testing, 
including in-plane tensile and compressive strengths, fatigue life, through-
thickness tensile strength, interlaminar shear strength, mode I and mode II 
interlaminar fracture toughness, and impact damage resistance of 
carbon/epoxy laminates containing CVM galleries. 
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⇒ Determine the optimum CVM gallery shape, size, spacing and orientation 
condition for minimal effects on composite mechanical properties. 
It is important to note that the research considers the effect of CVM galleries on the 
mechanical properties of laminates, but does not develop the CVM system itself. It is 
assumed in this project that the mere presence of interlaminar galleries forms the 
CVM sensing system. However, the real-life application of CVM sensors will require 
more detailed and complete design of the sensor-system itself.     
1.6 Structure of the PhD Thesis 
Chapter 2 of the thesis provides a comprehensive literature review of the CVM 
technology used in metallic structures, composite joints and bonded repairs. A 
literature review into the effect of voids on the mechanical properties of laminates is 
also provided in order to indirectly assess the possible effect of CVM galleries which 
can be considered as long, thin interlaminar voids. Mechanical properties such as the 
in-plane and through-thickness tensile strength and modulus; the compressive strength 
and modulus; interlaminar properties such as mode I and mode II delamination 
fracture toughness and interlaminar shear strength; as well as impact damage 
properties; and tensile and compressive fatigue life are reviewed in terms of the 
failure mechanisms that are most sensitive to the presence of voids. Reference is made 
to the available experimental data and analytical models relating void content and 
microstructure of interlaminar voids to the mechanical properties of laminates.  
The thesis continues by presenting the research findings of experimental 
investigations into the effects of internal CVM galleries on the mechanical properties 
of aircraft grade carbon/epoxy laminates. Theoretical models are used to provide an 
insight into the material properties of the laminates with galleries, and where possible, 
the results and theoretical models are verified using finite element analysis (FEA).  
Chapter 3 provides a description of the manufacturing processes and the gallery 
morphology used in the production of carbon/epoxy laminates containing CVM 
sensor galleries. The in-plane tensile and compressive properties of laminates 
containing galleries are examined experimentally, and simple analytical models 
derived from the changes in the laminate load-bearing area and laminate bulging. 
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Tensile and compressive fatigue life results are also presented in this chapter. The 
effect of fibre waviness in the laminate caused by the interlaminar galleries is also 
considered. The interlaminar shear strength of laminates with CVM galleries is 
investigated and modelled. The transverse tensile strength of the laminate with 
interlaminar CVM galleries is also evaluated and the results are compared to existing 
experimental results on the effect of void content on the through-thickness tensile 
strength of laminates. The stress distributions around CVM galleries in laminates are 
presented using finite element models subjected to in-plane tensile, through-thickness 
tensile, and shear loads.  
Chapter 4 presents the experimental findings on the damage tolerance properties of 
laminates containing CVM galleries; such as the mode I and mode II fracture 
toughness and impact damage resistance. Double cantilever beam (DCB) tests and 
end notch flexure (ENF) tests were conducted to determine the mode I and mode II 
fracture toughness of the laminates, respectively. The fracture toughness and crack 
growth mechanisms of laminates without and with CVM galleries are presented. 
Impact damage resistance of laminates with galleries are also investigated in this 
chapter and the damage area, determined using through-thickness C-scan ultrasonics, 
is compared against the corresponding applied impact energy.  
Chapter 5 provides an insight into the tensile pull-off strength of composite lap joints 
and T-joints containing a series of CVM galleries along a film adhesive and/or co-
cured bond-line. Tensile pull-off tests were conducted and the relative bond-line 
strengths and failure mechanisms for a number of different sized galleries are 
compared.  
A synopsis of the key research findings and conclusions is provided in the final 
chapter of the thesis. Based on the results and conclusions, a set of guidelines is 
established for minimising the effect of CVM galleries on the mechanical properties 
of laminates. These parameters are combined, summarised and presented in this 
chapter as a set of recommended baseline characteristics for the future development of 
a composite CVM sensing system.  
 
 
Chapter 2 Literature Review      21 
 
Chapter 2 
 
Literature Review 
2 Literature Review 
2.1 Introduction  
This chapter presents a review of the current applications of CVM to aircraft metallic 
and composite structures. This chapter also reviews published research into the effect 
of CVM sensor galleries on the properties of composite materials. Very little has been 
published on this topic, and therefore the effect of voids (which are similar in some 
respect to CVM galleries) on composite properties is investigated. A review of the 
literature into the effects of interlaminar voids on the mechanical properties of 
composite materials is therefore presented. The effect of voids on the following 
mechanical properties is reviewed: in-plane tensile strength; in-plane compressive 
strength; tensile and compressive fatigue strength; interlaminar shear strength; mode I 
and mode II interlaminar fracture toughness; through-thickness tensile strength; and 
impact damage resistance.  
2.2 Comparative Vacuum Monitoring 
The installation of small sensing devices in structural aircraft composite materials has 
been brought about as a result of a number of emerging structural health monitoring 
(SHM) technologies. One such SHM system is known as “Comparative Vacuum 
Monitoring” (CVM). Comparative Vacuum Monitoring (CVM) is a novel SHM 
technique developed by Ken Davey of Structural Monitoring Systems Ltd. (SMS), 
Australia. CVM is capable of crack detection over a large area, on a wide range of 
structural components which may be positioned in inaccessible locations of an aircraft 
[31]. The original CVM patents for a range of CVM sensor systems were granted to 
SMS Ltd. in 1995 [24]. The CVM system is designed to provide a simple, efficient 
and compact solution for determining the structural integrity of metallic and 
composite structures,  particularly the presence of cracks [26]. Understanding the 
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CVM crack detection process requires an insight into the complete, integrated system 
and its constituents.  
The CVM system consists of three primary components: a sensor, a fluid flow meter 
known as Structural Integrity Monitors (SIM8b), and a stable source of low vacuum 
(Kvac4) [24]. A portable system (PM3) with a data logger contains both the fluid flow 
meter and vacuum source in a single, portable unit, as shown in Figure 2-1. 
 
 Figure 2-1 SMS Kit with KVAC4 (vacuum source), SIM8b (fluid flow meter), and sensor [24] 
The sensor consists of a series of long and narrow open-hole galleries located in the 
interfacial region between the sensor material and test surface. The test surface is one 
face of the vacuum/atmosphere manifold, essentially forming part of the sensor 
system. This eliminates the need for a proxy medium such as an adhesive between the 
sensing system and the test component [24, 25]. The air within every second gallery 
in a series is removed by a vacuum pump to place them in a state of low pressure 
(about 20 kPa below atmospheric pressure). Air at ambient pressure is retained in the 
other galleries, and this creates a sensor system consisting of a series of galleries that 
KVAC4 
SIM8b 
CVM sensor 
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alternate between low pressure and ambient pressure. When a sensor is installed, a 
baseline reading is made to establish the differential pressure between the reference 
vacuum source (KVAC) and the sensor, which is approximately 0 Pa. If there is a 
known existing flaw beneath the sensor, or the material permeability of the structure 
is high, the SIM will measure a non-zero base value. This non-zero value is then 
considered to be the baseline reading and any deviations from that value are 
considered as detection of a flaw.  
CVM is based on the principle that when a crack growing along a plane of sensors 
travels through a low pressure gallery then molecules of air will to flow through the 
space created by the crack. Subsequently, there is a difference in pressure between the 
sensor input and the reference pressure level of the SIM, which contains impedance to 
the flow of air. When the system reaches an equilibrium flow rate, the volume of air 
passing through the crack equals the volume of air passing through the SIM, and the 
measured differential pressure increases [24]. Similarly, a crack growing through the 
thickness of the structure can be detected by the CVM equipment once a low-pressure 
gallery is breeched. When a crack grows and breeches a neighbouring gallery at 
ambient pressure, air flows from the atmospheric gallery along the crack into the low 
pressure gallery, and the pressure differential is detected by the SIM. The SIM can be 
set to trigger an alarm at a predetermined pressure, usually around 100 Pa [26]. Using 
this approach, it is possible to determine the location and size of cracks in structures.  
The CVM system is not capable of differentiating between a single large crack and 
several smaller cracks; however it is sensitive to changes in the total crack length. The 
sensor sensitivity is governed by the gallery spacing, which determines the shortest 
crack that can be determined by the CVM sensor. The gallery spacing can be modified 
depending on the application [24, 32]. Typical gallery spacing is 250 µm, but can be 
as low as 100 µm [25, 26]. The CVM system is suitable for monitoring regions that 
are known to be subjected to high loads or prone to damage [32]. CVM sensors can be 
applied for the impact damage detection of lower wing and fuselage skins, the 
delamination and debonding of skin-stringer bond-line sections, the crack initiation 
and propagation of curved fuselage bulkhead sections as well as the crack initiation 
and propagation within any internal structural lap joints. 
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Figure 2-2 SMS Sensor mounted on specimen. A crack growing through adjacent galleries will cause a 
pressure change to be detected [32] 
In most cases, self-adhesive elastomeric sensors are used to monitor components and 
therefore detect surface cracks on metals and composites (see Figure 2-3). A variety 
of other CVM sensor types have been developed, including internal sensors that can 
detect sub-millimetre cracks at the faying surfaces of riveted lap joints [26]. The size 
and shape of a sensor, and the size and configuration of the galleries, depends on the 
size and geometry of the structure to be monitored, its location within the aircraft, and 
the material it is made from [31, 32]. Sensors can be made from a variety of materials 
to accommodate for the environmental conditions in which they are being used. Self-
adhesive sensors, primarily used for detection of surface cracks on metallic structures, 
are manufactured using an elastomeric polymer [26]. These sensors are able to 
conform to various surface contours, including peened surfaces and complex curves 
due to their high flexibility and elasticity [24]. Surface preparation is similar to the 
degreasing process for strain gauge application. A pressure sensitive adhesive is 
applied to the sensing face of the sensor during manufacturing. The sensor’s ability to 
conform to the strains acting on the test component without compromising its ability 
to detect cracks is attributed to the good elastomeric properties of the sensor material 
[24].  
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Figure 2-3 Example of a CVM elastomeric, self-adhesive sensor [19] 
The sensor portion of the CVM system is installed and left in-situ on the aircraft. The 
sensors are inert and generally weigh less than 110 g [26]. The sensor galleries do not 
remain under vacuum at all times; instead all galleries have atmospheric pressure 
when a reading is not being taken. When an inspection is made, the operator plugs a 
portable PM4 unit into a connection port on the aircraft. Following an integrity check 
of the system to make sure there are no blockages and that vacuum stability is 
achieved, the interrogation can be conducted. The pressure readings are constantly 
compared against predetermined baseline values obtained during the system 
installation. A diagnosis based on this comparative data is made and displayed on the 
screen of the unit. Once the inspections at various locations around the aircraft have 
been completed, the data is transferred to a PC for storage and further analysis (see 
Figure 2-4).  It is claimed that the portable CVM system is capable of offering a faster 
and more user-friendly damage inspection than conventional inspecting technologies, 
such as eddy current, dye penetrant and ultrasonics, without compromising the 
sensitivity of the damage detection results [26].   
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Figure 2-4 Schematic of the SMS Portable Monitoring system [32] 
2.2.1 CVM damage detection in metallic structures 
CVM technology for the health monitoring of metallic structures is highly developed, 
with the ability to detect surface cracks in curved and welded components and the 
early detection of fatigue cracks inside riveted lap and butt joints. The focus for the 
metallic based CVM system has been fatigue cracking [26]. Various test programs 
conducted using CVM technology to measure fatigue cracking on curved metal 
surfaces and within lap and butt joints have been successful. These programs have 
shown that the technology can detect sub-millimetre cracks using surface sensors and 
cracks less than 2 mm using embedded sensors [32].  
A test program conducted by the Defence Science and Technology Organisation 
(DSTO), Melbourne, Australia, in 1996 used elastomeric sensors with a minimum 
detectable crack length of about 250 µm and an accuracy exceeding 10 µm to detect 
cracks on peened metal surfaces (Figure 2-5). The CVM system used was successful 
in detecting surface cracks as small as 720 µm on one face of the specimen and 780 
µm on the other face. Monitoring of the crack propagation rate was also made 
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possible using the CVM sensors. Traditional NDT techniques such as eddy current 
testing and ultrasonics were unable to detect these cracks [24, 25]. 
   
Figure 2-5 CVM sensor on a peened specimen surface (the capillary wall surface is 250 µm) [24] 
Further research was conducted by DSTO on the sensitivity and applicability of the 
CVM system to the full-scale Wing Damage Enhancement Test (WDET) of an F-
111C wing. CVM sensors were successful in detecting surface cracks of length 33 µm 
and in monitoring the propagation of these cracks in steel coupons under fatigue 
loading. The system’s ability to monitor cracks in two or more locations 
simultaneously, on a loaded structure, as well as the sensor’s good durability under 
high strains, and the simplicity of the system rendered CVM sensors suitable for 
installation and evaluation on the F-111C wing [33].    
The United States Air Force (USAF) used CVM sensors to detect small cracks on the 
trailing edge of engine turbine blades subjected to cyclic loading. The CVM sensors 
consisted of galleries with a spacing of 50 µm and were consequently able to detect 
50 µm long cracks [34, 35].  
An experimental investigation was conducted at the Royal Melbourne Institute of 
technology (RMIT), Australia, in order to ascertain the sensitivity of the CVM system 
in detecting crack propagation in painted aluminium specimens. The results indicated 
that CVM sensors were capable of detecting cracks through various finish schemes, 
however the sensitivity of the sensors is influenced by multiple topcoat layers. 
Whereas the presence of a primer coat or a coat of polyurethane, both having a 
maximum total thickness of 60 µm, did not influence the crack detection capabilities 
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of the sensors; the presence of multiple polyurethane topcoats, with a total thickness 
greater than 60 µm, caused an increase in the delay of crack tip detection. It was 
found that the delay in crack detection is linearly related to the total paint thickness 
because the paint acts as an unwanted sensor sealant. Aging the paint, however, 
increases the stiffness and causes early fracture of the paint (i.e. at the same time as 
the aluminium substrate) and improves the accuracy of the crack detection by the 
CVM sensor [36].  
At the Fraunhofer Institut, (Dresden, Germany), CVM sensors were used to determine 
the yield stress in the parent material surrounding a punched rivet (Figure 2-6) [24]. In 
this case, a circular sensor was placed concentrically over the rivet head so that radial 
low-pressure and ambient pressure galleries alternatively crossed the rivet/parent 
material interface. The CVM was successful in indicating the local yield stress in the 
parent material surrounding the rivet. As the yield stress changes from elastic to 
plastic, the gap at the rivet head opens, allowing air to pass between the ambient and 
low-pressure galleries and a large differential pressure is detected by the CVM sensor. 
To date there is no other reliable in-situ method of determining when a riveted joint 
changes from elastic to plastic [24].   
 
Figure 2-6 Example of a punched rivet joint used in the Fraunhofer Institute research [24] 
Test programs were conducted by Airbus on the ability of the CVM system to 
measure crack initiation on curved surfaces and within lap/butt joints [32]. Figure 2-7 
shows a surface sensor placed on the internal radius of a curved section. Curved metal 
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coupons with radii ranging from 5 to 20 mm were tested under fatigue loads, and the 
CVM system was able to detect cracks larger than 0.25 mm. Lap joints, as seen in 
Figure 2-5, fitted with CVM sensors at the bond-line were fatigue loaded and cracks 
less than 2 mm were detected. The detection of these cracks is usually not possible 
using conventional NDT techniques due to crack closure effects [32].  
 
Figure 2-7 Curved surface sensor [32] 
 
Figure 2-8 Lap-joint with embedded sensor [32] 
Full-scale fatigue tests of a pressurised aluminium fuselage containing CVM sensors 
were conducted by Airbus as part of their TANGO program. The aim was to evaluate 
Internal CVM sensors 
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the ability of CVM sensors to measure flaws in lap joints (Figure 2-9) and at the 
surface of laser beam welds (Figure 2-10). The results indicated that CVM sensors 
were capable of detecting crack sizes ∼1.8 mm inside lap joints and ∼0.3 mm in 
welded joints [32].  
 
Figure 2-9 CVM sensor system application to lap joint [32] 
 
Figure 2-10 CVM sensor system application to a laser beam weld surface [32] 
Choi [28] examined the use of CVM for the detection of crack initiation and growth 
on welded surfaces. It was demonstrated that the technique can determine the crack 
size, and from this information the fracture mode and residual service life of the 
welded component can be predicted [28]. CVM was investigated with the aim of 
eliminating the complicated and expensive NDT techniques normally used in 
detecting hydrogen cracking in thick section welds of high yield stress steels. Two 
types of coupons – a flat plate fabricated from mild steel and a T-butt weld coupon 
fabricated from high strength steel (Figure 2-11) – were tested under cyclic tension 
and compression, respectively. The CVM sensors were able to accurately detect the 
initiation and propagation of fine cracks in both cases. The sensor sensitivity was not 
affected by factors such as crack propagation rate, load condition, and number of load 
cycles unless a crack reached the front edge of the sensor cavity [28].  
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Figure 2-11 T-butt coupon fitted with CVM sensors under compression [28] 
The use of CVM in detecting small cracks inside lap and welded joints is an exciting 
prospect for the future of structural health monitoring technologies in aircraft metallic 
structures. A number of CVM marketable products have been developed for crack 
detection in metallic surfaces and joints [26].  
2.2.2 Damage detection in composite structures 
Recent research has demonstrated that CVM can also be used for the health 
monitoring of composite structures. Applications include the detection of fatigue 
cracks under bonded patch repairs, disbonds, and barely visible impact damage 
(BVID) [26]. A limitation of CVM technology using surface sensors is the difficulty 
in detecting internal damage within composites. Surface sensors rely on the presence 
of the surface-breaking crack to rupture the CVM galleries. However, most types of 
damage to composites is internal and does not involve surface-breaking cracks. A 
further concern with applying CVM technology to composite laminates is the open-
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hole design of the galleries that are potential sites for damage initiation under external 
loading, which is a potential problem that has not been resolved.   
2.2.2.1 Composite Bonded Repairs 
The use of composite bonded repair patches over cracked aluminium airframes has 
faced limitations, such as the inability to monitor crack propagation underneath the 
patch. Walker [26] investigated the potential of utilising CVM sensors for the 
detection of substrate crack extension by testing notched 2024-T3 aluminium coupons 
reinforced with carbon fibre composite patches. The CVM system contained galleries 
located at the patch/substrate interface, with a spacing of 2 mm starting 2 mm from 
the substrate notch and were 180 µm in diameter (Figure 2-12). A cyclic load (3-30 
kN and 10 Hz) was applied and the CVM equipment programmed to trigger an 
audible alarm when the pressure level rose above a reference level of 200 Pa. The 
research, although limited in the gallery and specimen arrangement, was successful by 
demonstrating that the CVM system can monitor substrate cracking [26].  
 
Figure 2-12 Cross-section of composite patch, adhesive layer, galleries and aluminium substrate [26]  
2.2.2.2 Matrix/Adhesive Mode I Fracture Toughness 
Walker [26] tested the mode I interlaminar fracture toughness of woven carbon fibre 
panels secondarily bonded to a thick aluminium plate, and found that inclusion of 
CVM galleries to laminates does not adversely affect the mode I interlaminar fracture 
Aluminium substrate 
Composite patch 
CVM galleries  
in adhesive layer 
Crack 
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toughness. Various gallery size (200 and 300 µm diameter) and gallery spacing (3 and 
5 mm) combinations were used to investigate the effect of CVM galleries to the 
delamination toughness of an adhesive bond-line. The fracture toughness of the 
laminate containing the galleries did not, in general, deviate from the fracture 
toughness value (0.5 kJ/m2) of the laminate with no galleries. A crack growth process 
involving slip-stick was observed in some instances, possibly caused by the galleries 
acting as crack arresters via crack tip blunting [26].   
2.2.2.3 Low Velocity Impact Damage 
The use of CVM sensors for the real time detection of impact damage in laminates has 
been investigated by Walker [26] using quasi-static indentation testing as a means of 
replicating low velocity impact damage [26]. Galleries with a diameter of 350 µm and 
spacing 5-10 mm were placed at different ply interfaces in an 8-ply woven laminate. 
Some samples contained two parallel layers of CVM galleries through the thickness 
of the sample, at two ply interfaces. Impact detection was achieved by all the various 
gallery combinations, however with varying degrees of accuracy. Damage detection 
occurred prior to potential catastrophic damage in all samples. The detectable damage 
size was affected by the location of the indenter (or impact site) in relation to the 
gallery location. The sensitivity of the CVM system can be modified to suit the 
application by controlling the gallery spacing (positioning the galleries closer together 
or further apart). For instance, a laminate with a damage tolerance of 50 mm would 
require gallery spacings of 50 mm. However, a problem of over-detection arises when 
a small damage area (i.e. 5 mm) occurs directly on a gallery, triggering damage 
detection. The damage detection pressure used for this study was 200 Pa, meaning 
that the slightest damage caused sufficient airflow for detection. By increasing the 
detection pressure threshold it is possible to control the sensitivity of the system in 
order to detect larger damage areas. Furthermore, it was observed that in most cases 
the flow of air was through the thickness of the samples (air percolating up from the 
back face, through matrix cracks, rather than between the galleries), indicating that the 
generation of transverse matrix cracking and fibre breakage often occurred 
significantly before the onset of noticeable delamination. The research concluded that 
the use of parallel back ply interface CVM galleries will enable the detection of 
impact damage with minimal effect on the mechanical properties of the laminate [26].  
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Despite this research, much remains unknown about the effect of CVM galleries on 
the impact damage resistance and mechanical properties of composite materials.  A 
wealth of material property data together with validated models for predicting the 
properties of composites containing galleries is needed before CVM technology can 
be certified for use in certain applications, such as primary aircraft composite 
structures. To advance the understanding of the effects of CVM galleries on the 
structural properties of composites it is necessary to review the literature on the 
effects of voids on the mechanical properties of composites. Voids can be considered 
as very short galleries, and are the closest defect to galleries that have been studied 
extensively.    
2.3 Effect of Voids on Mechanical Properties of Composites  
The mechanical properties of prepreg laminates are sensitive to defects inadvertently 
introduced during manufacture. Manufacturing defects can exist in the fibre 
architecture, such as fibre misalignment, irregular fibre distribution and broken fibres, 
in the fibre-matrix interface, such as de-bonding cracks and delaminations, and in the 
polymer matrix, such as voids [37]. Voids are one of the most common defects 
encountered during manufacture of prepreg laminates. There are several causes for 
void formation, with the two most common being the entrapment of gases (mostly air) 
during lay-up and volatiles released from the resin system during cure [38]. Voids 
have detrimental effects on matrix-dominated and out-of-plane properties, such as 
interlaminar shear strength, compressive strength, through-thickness tensile strength 
and impact toughness [37-42]. The longitudinal (fibre dominated) properties of 
laminates are usually not significantly affected by voids unless the porosity content is 
relatively high [37-42]. 
The influence of void content also depends on the laminate material and varies 
depending on the property under investigation. Two laminates made from the same 
prepreg, with the same lay-up, and manufactured with the same cure cycle may have 
some differences in their mechanical behaviour as a function of void content, even 
when it is assumed that their respective void contents are identical. This can be 
attributed to the fact that void content is a volume characteristic. Therefore, when 
investigating the effects of voids on matrix-dominated properties the values of 
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strength depend on the void locations in the laminate and the void size and shape, 
since the stress distribution through the laminate is not uniform [38].  
In this research, the void spaces produced by the CVM galleries are considered to be 
similar to those generated by entrapped gases or volatiles. The difference here is that 
the size, cross-sectional shape and position of CVM galleries are known and can be 
controlled, unlike the voids accidentally produced during manufacture, which can be 
irregular in shape and size and are often sporadically located through the laminate (see 
Figure 2-13). To date, research findings on the effect of long, thin interlaminar holes 
on the mechanical properties of laminates have not been reported. Hence, a review of 
the research performed on laminates containing small interlaminar voids is the closest 
alternative. This section is dedicated to the review of scientific literature on the effects 
of small voids on the mechanical properties of laminates. The review also examines 
analytical models that can calculate the mechanical properties of laminates containing 
voids.  
 
(a) 
 
 
(b) 
Figure 2-13 Schematic of (a) interlaminar galleries and (b) random voids 
   
CVM galleries – controlled cross-section & spacing 
Voids – random in size & position 
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2.3.1 Tensile and Compressive Properties 
2.3.1.1 Static Tensile Properties 
The in-plane tensile properties of unidirectional laminates are influenced by void 
content, although to a lesser extent than the matrix-dominated properties [37-43]. 
Tensile failure in laminates results primarily from the accumulation of damage on a 
microstructural level, such as fibre breaks, hence it is important to consider the 
microstructure of the laminate and the defect under consideration [37, 44]. A review 
of the effects of micro-voids and holes is necessary for a complete understanding of 
the parameters influencing the tensile modulus and strength of laminates.  
Olivier et al. investigated the effect of void content (0.3-10.3%) on the tensile 
modulus and strength of two carbon/epoxy laminates [38]. The results indicate that a 
void content of 10% reduces the longitudinal tensile strength by ~12%. Liu et al. 
found that the tensile strength decreases by ~14% when the void content increases 
from 0.6 to 3.2% [45]. A graphical comparison of the experimental results from both 
of these studies can be seen in Figure 2-14. Both studies attribute the reduction in 
strength to local fibre deformation (i.e. waviness, crimping) near voids, which are 
sites for crack initiation and can cause fibre failure. The longitudinal tensile modulus 
(E1) was found to be insensitive to changes in the void content in both studies (see 
Figure 2-15); and both attribute this to high fibre volume fractions of the laminates 
(~63-72%).  Although these two studies refer to the local fibre deformation as the 
main factor for strength reduction, neither of the researchers quantify nor present the 
degree of fibre deformation causing the strength reduction.  
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Figure 2-14 Tensile strength vs. void content results by Olivier et al. [38] and Liu et al. [45]  
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Figure 2-15 Tensile Modulus vs. void content results by Olivier et al. [38] and Liu et al. [45]  
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Analytical models have been developed to calculate the elastic properties of 
composites with voids. These models are based largely on traditional inclusion 
theories which describe the elastic field caused by inclusions in anisotropic media 
using a uniformly distributed Eigenstrain (non-elastic strains including phase 
transformation strain, plastic strain, thermal strain, etc.). See, for example, the 
published works of Eshelby [46], Mura et al. [47] and Nemat-Nasser and Hori [48, 
49]. Berryman considers the application of inclusion theory by treating the volume 
occupied by the void as a material inclusion with zero properties [50, 51]. This 
approach has been implemented for representing voids in laminates by assuming a 
spherical or ellipsoidal morphology, with voids having the same size and shape within 
a single laminate and being evenly distributed in the laminate volume.  
Madsen and Lilholt [43, 52] developed a simple model, based on the solution to the 
elastic problem of a spherical hole inside an isotropic solid, to calculate the stiffness 
reduction caused by voids as a second order polynomial function of the void volume 
fraction. The model can calculate the loss in stiffness in both the fibre and transverse 
(through-thickness) directions. Wu et al. [53, 54] considered voids as a third phase in 
a homogenised composite material and developed a model based on a two-step 
approach. Considering the fibre, matrix and void as three separate phases, two of the 
three phases were homogenised first, and the resulting properties were considered as 
an effective material to be homogenised with the third phase. The resulting model 
took into account the void volume fraction, but did not give any consideration to the 
void microstructure.  
Farouk et al. [55] used the Mori-Tanaka method based on Eshelby’s tensor theory 
[56] to model the fibres, matrix, and voids as three distinct phases. This approach 
allowed some consideration of void geometry, however, only the influence of void 
length on the fiber direction modulus was established, which is incidentally the 
property least affected by void content [37]. Gowayed [57] assumed that voids were 
located at both the fibre/resin interface and in the resin. To model the voids in the 
fibre/resin interface a slip reinforcement theory was used, and the Mori-Tanaka 
inclusion theory was used to predict the reduced stiffness due to the presence of the 
voids.  
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Most of the aforementioned models only consider the void volume fraction, and fail to 
account for the void morphology (i.e. size and shape). The few studies that attempted 
to model void morphology used limited parameters of the void structure, and have not 
been adapted for the application to composite materials [37]. Huang and Talreja were 
able to model the void characteristics, such as void volume fraction, size, shape and 
spatial distribution on the elastic properties of unidirectional laminates [37]. Voids 
with a length-width aspect ratio (Rlw) of 3 to 10 and a width-height aspect ratio (Rwh) 
of 1 to 6 were modelled. Finite Element Analysis (FEA) was compared to an 
analytical method based on the Mori-Tanaka theory and then correlated with available 
experimental data [37, 38, 56]. They modelled void formation resembling that of 
balloon inflation rather than a material cut-out. In this case, the voids locally displace 
the surrounding fibres and resin, causing the fibres around the void to be closely 
packed, therefore the laminate retains all of its stiffness in the fibre direction [37, 38]. 
A schematic of the void morphology is presented in Figure 2-16, and the effect of the 
void content on the elastic moduli for a specific void morphology (Rlw = 6 & Rwh = 4) 
is shown in Figure 2-17. Their results indicated a 1% reduction in the in-plane elastic 
modulus per 1% increase in void content. They also discovered that the width-height 
ratio (i.e. the shape of the void cross-section) is the dominant factor in the reduction to 
the elastic modulus, with larger ratios (flat void cross-sections) leading to a smaller 
loss in in-plane modulus, but having a larger detrimental effect on the out-of-plane 
(shear) modulus. This is a significant finding because CVM galleries can be of any 
cross-sectional shape. While the galleries are usually circular, it is possible to have an 
elongated gallery shape if it reduces the loss in mechanical performance of the 
laminate.  
 
 
Figure 2-16 Schematic of void morphology in composite laminates [37]  
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Figure 2-17 Normalised modulus reduction vs. void content, (MFEM = Finite Element Analysis and 
MT = Mori-Tanaka theory) [37] 
It is evident from the literature that analytical models used to predict the effect of 
voids on the elastic properties of composites concentrate primarily on the void 
content. Models that account for void morphology, such as void shape, size and 
spatial distribution, are few; quite possibly because void morphology is difficult to 
predict and control accurately.  
These modelling approaches may be applicable on the macro-scale to predict the 
tensile strength of laminates with voids. On the macro-scale the presence of a 
discontinuity or notch (such as a hole or crack) in a laminated structure introduces a 
stress concentration that may reduce the strength. Predicting the reduction in strength 
caused by stress raisers is a major concern in the use of composite materials for 
aerospace applications. Several semi-empirical failure criteria have been developed 
for predicting the notched strength of laminates. Some are based on linear-elastic 
fracture mechanics (LEFM) while others are based on the stress distribution in the 
vicinity of the notch. Three basic approaches have been defined in the analysis of 
failure criteria: fracture mechanics models, stress-fracture criteria, and progressive 
damage models. However, these models usually consider a single notch, whereas the 
voids in composite laminates are numerous and are normally not confined to a single 
unit.  
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Waddoups et al [58] were one of the first to apply linear elastic fracture mechanics to 
notched composites. The inherent flaw model (IFM) developed by Waddoups et al. is 
a two-parameter model based on the un-notched strength and a characteristic 
dimension such as the inherent flaw length. This model is dependent on the size and 
shape of the notch, lay-up sequence and un-notched strength of the material [58]. 
Waddoups et al. considered the Bowie solution for the stress intensity factor, KI, of a 
tensile specimen having a centre circular hole with emanating edge cracks for an 
isotropic homogenous material [59]. It is assumed that a region of intense strain 
energy exists at the hole and has a characteristic damage length, ac, as seen in Figure 
2-18.  
 
 
Figure 2-18 Intense strain energy region at the hole [58]  
The isotropic stress intensity factor KI for two symmetric cracks of length ac is:  
( )rafaK ccI /πσ=     (2-1) 
where R is the hole radius, the function f(ac/r) is given by Bowie and takes the value 
of 1 if the hole vanishes. The fracture stress σn for a wide tensile specimen having a 
centre hole with edge cracks is:  
( )rafa
K
cc
IC
n πσ =     (2-2) 
r
ac ac
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The fracture stress σo for a wide tensile specimen with no hole but with an inherent 
centre crack of length 2ac is:  
 
c
I
o a
K
πσ =     (2-3) 
The ratio σo/σc of unnotched to notched strength can be represented by the function 
f(ac/r):  
             ( )raf c
n
o =σ
σ
     (2-4) 
A parametric evaluation of σo/σn as a function of the hole radius (r) for given values of 
the characteristic damage length (ac) conducted by Waddoups et al. is shown in Figure 
2-19. This model has been applied to laminates with a single notch and not in 
laminates containing multiple, interlaminar voids.  
 
Figure 2-19 Parametric study relating unnotched strength  (σo) / notched strength (σc) to hole radius 
(r) [58] 
Whitney and Nuismer developed two-parameter models called the ‘point stress 
criterion’ (PSC) and the ‘average stress criterion’ (ASC) for calculating the strength 
of notched laminates [60]. The criteria assume that failure occurs when the stress at a 
Hole Radius (r) (inch)
σ
o/σ
n 
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distance ahead of the notch (point stress) or the mean stress in the neighbourhood of 
the notch (average stress) reach the tensile strength of the laminate with no notch [60].   
In the point stress criterion, depicted in Figure 2-20(a), it is assumed that the notched 
strength (σn) is obtained when the normal stress (σy) at a fixed distance (dhp) ahead of 
the notch equals the unnotched strength (σo).  
( )( )[ ]81614121 753322 ξξξξσσ −−−++= ∞Kon    (2-5) 
where K∞ is the stress concentration factor for the infinite plate and ξ1 = r/(r+dhp).  
In the average stress criterion, depicted in Figure 2-20(b), it is assumed that the 
notched strength (σn) is obtained when the average stress (σy) over a distance (dha) 
ahead of the notch equals the unnotched strength (σo).  
( ) ( )( )[ ]826242222 3212 ξξξξξσσ −−+−−−= ∞Kon   (2-6) 
where ξ2 = r/(r+dha). 
 
 
 
.  
 
 
 
Figure 2-20 Characteristic lengths (dhp and dha) in wide tensile panels having a central circular hole 
using (a) the point stress criterion; (b) the average stress criterion 
Pipes et al. proposed a three-parameter model for predicting the notch strength 
laminates of any stacking sequence based on the models by Waddoups et al. and 
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Whitney and Nuismer [61]. They expressed the ratio of notched and unnotched 
strength (σn/ σo) in the form:  
( )( )[ ]8642 753322 −−∞−− −−−++= ffKff
o
n
σ
σ
   (2-7) 
where,  
n
m
o
m
Cr
rf
1
1
−
+=     (2-8) 
Equation 2-7 is a generalisation of the point stress criterion of equation 2-5, with two 
undetermined parameters: Cn - the notch sensitivity factor and m - the exponential 
parameter [61].  
Mar and Lin investigated the effect of holes on the tensile fracture stress of 
composites using a microscopic theory of failure. It is assumed that fracture initiates 
at a pre-existing crack in the matrix material near the interface of the matrix/filament, 
hence treating the matrix and filament as two dissimilar materials [62]. The effect of 
hole size is correlated with the singularity at the tip of the crack which propagates at 
the interface of the two materials. The Mar-Lin notched strength criterion can be 
represented by the simple expression [62]. 
  ( ) mf rH −= 2σ      (2-9) 
where σf is the fracture stress, 2r is the notch diameter, H is the fracture toughness of 
the composite, and the exponent m is the value of the singularity of the crack tip at the 
fibre-matrix interface.  
All of the aforementioned failure criteria for predicting the notched tensile strength 
are empirically based and have parameters that cannot be obtained from fundamental 
data of the constituent materials and must be determined from experimental testing. 
One model known as the ‘fictitious crack model (FCM)’ uses fundamental material 
parameters such as stiffness, unnotched fracture stress (σo) and fracture energy (G) to 
calculate the fracture load for laminates containing notches [63]. The model is based 
on the concept of a so-called fictitious crack forming from the gathering of 
microcracks in the vicinity of the notch. The fictitious crack forms when the 
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unnotched tensile strength (σo) of the material is exceeded; and grows with further 
external loading. The crack grows initially in a stable manner and then changes to 
unstable crack growth above a critical length; and the transition from stable to 
unstable crack growth is considered as the fracture load.  This model is particularly 
useful in calculating the notched strength for notch shapes other than circular holes 
and can be applied to various types of composites [63]. 
The models presented in this review of the literature indicate that the notched strength 
of composites is generally dependent on the effective notch size and to a certain 
degree the notch shape.  
2.3.1.2 Static Compressive Properties 
Compression failure is often treated by engineers as a design limiting feature of 
composite materials, especially since the compressive strength of some unidirectional 
carbon fibre-epoxy laminates are often less than 60% of their tensile strength [64]. 
The dominant failure modes on a microscopic level are microbuckling of the plies and 
shear kinking of the fibres. The failure modes depend on the lateral support of the 
fibre during loading. In the absence of lateral support the fibres usually fail by 
microbuckling. Microbuckling is likely to initiate at a free edge, voids or poor fibre-
matrix bond; all of which provide low lateral support to fibres. Fibres failing by 
microbuckling exhibit large post-buckling deformations with multiple fractures of the 
fibre at equal length intervals caused by high bending stresses [65]. Increasing the 
support stiffness suppresses buckling and the fibre fails by the formation of a kink-
band oriented at less than 90o to the direction of the applied load [65]. Kink-band 
failure mode is characterised by two distinct fractures per fibre and the alignment of 
the short broken fibre segment in a regular pattern rotated relative to the applied load 
direction.  
Compressive failure of laminates on a macroscopic scale can occur in one of the 
following failure modes: (1) transverse tensile failure, including fibre splitting, (2) 
microbuckling in the shear mode, (3) shear crippling and (4) Euler buckling [65, 66]. 
The most likely failure mode in carbon/epoxy composites is shear crippling involving 
fiber kinking [65]. Shear crippling involves the formation of narrow failure zones 
oriented at an angle less than 90o to the load direction [65]. Hahn and Williams 
suggest that compression failure of a composite starts with kinking of a few fibres. 
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These are primarily fibres that have the least lateral support due to a free boundary 
(e.g. void). These kinked fibres disrupt the stability of neighbouring fibres so that the 
neighbouring fibres also fail in the kinking mode. This propagation process continues 
until the composite completely fails [65]. It is possible for fibre kinking to initiate at 
several locations and then converge. Furthermore, transverse tensile stresses in the 
vicinity of two converging kink bands can cause longitudinal splitting [65]. The 
kinking mechanism in carbon fibre composites is usually dominated by fibre 
misalignment and plastic deformation in the matrix [64].  
The effects of void content on the compressive strength of composites have been 
investigated [42, 67]. Suarez et al. found that the compression strength of specimens 
with up to 4% void content was reduced by up to 60%, at a rate of 10% reduction in 
strength for every 1% increase in void content. The rate of strength reduction 
diminished above a void content of 4% and did not fall below 50% for subsequent 
increases in void content. Figure 2-21 shows the reduction in compressive strength 
noted by Suarez et al. with increasing void content in carbon/epoxy (AS4/8552) 
prepreg tape specimens.  
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Figure 2-21  Reduction in compressive strength with increasing void content [67] 
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A number of analytical models have been developed to calculate the compressive 
strength of composites. Internal ply buckling of unidirectional composites under axial 
compression has been recognised as a possible failure mode. Rosen developed an 
analytical model on the hypothesis that individual fibres buckle in a short wave length 
pattern, much like the buckling of a long column or thin plate on an elastic foundation 
(see Figure 2-22) [68].  
( ) cfmc GV
G =−= 1σ     (2-10) 
where σc is the compressive strength, Gm is the matrix shear modulus, Vf is the fibre 
volume fraction, and Gc is the effective longitudinal shear modulus. This analysis 
considers kinking as elastic shear buckling so that kinking rotation in initially straight 
fibres (φ = 0 ) starts at the critical compressive stress (σc = Gc). The analysis assumes 
a kink-band angle of β = 0o. Rosen’s analysis overestimates the compressive strength 
of most types of composite materials. Furthermore, assuming that the critical angle for 
kinking is β = 0 makes the theory of elastic kinking insensitive to imperfections and 
therefore cannot be used to predict compressive strength reductions due to 
imperfections [69].  
 
Figure 2-22 Kink band geometry and notation [64] 
 
τ = G γ σT = ET εT εL = 0 
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Argon [70] presented a model based on the condition that composites undergo plastic 
microbuckling of the fibres. Argon’s model considers a rigid, perfectly plastic 
composite with a longitudinal shear yield stress (τy) and initial fibre misalignment 
angle (φ ). The compressive stress is inversely proportional to the fibre misalignment 
angle by the simple relationship: 
φ
τσ yc =     (2-11) 
Argon’s model was further developed by Budiansky and Fleck [64] to account for an 
elastic-perfectly plastic composite where the kinking stress can be calculated using:  
yy
y
c
G
γφφγ
τσ +=+= 1     (2-12) 
where γy is the longitudinal shear yield strain (γy = τγ/G). This equation gives Rosen’s 
result for φ = 0 and is asymptotically equivalent to the Argon result for φ = large, 
[64]. 
 
Figure 2-23 Test data compared to the analytical curves of the Budiansky & Fleck relationship. Plots 
of compressive strength (σc) vs. composite shear modulus (G) [64, 71-77] 
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Figure 2-23 presents a correlation between the test data obtained by various 
researchers and the analytical relationship presented in equation 2-12. Most of the 
data falls below the elastic kinking stress given by the heavy line corresponding to 
φ/γy = 0, indicating that typical values ofφ for unidirectional composites with no 
imperfections are in the vicinity of 2o [64]. According to Budiansky, fibre 
misalignment (caused by inclusions, voids, fibre spacing irregularities, etc.) induces 
patterns of angular misalignment due to elastic distortion. These rotations in turn 
induce plastic kinking and form inclined kink bands, where the rotation angle of these 
kink bands increases with the length of the imperfections [64, 69, 78]. 
2.3.2 Interlaminar Shear Strength 
Interlaminar shear failure is one of the most critical failure modes for laminates 
because it is matrix dependent and is usually an unstable (catastrophic) event. 
Interlaminar shear strength (ILSS) is a measure of the shear strength along a 
horizontal plane between two adjacent laminate [41]. Measuring ILSS requires tests in 
which failure of laminates initiates in an in-plane shear mode. The short beam shear 
test is commonly used for the measurement of ILSS using a three-point flexure load 
configuration [79]. The test is conducted using a small span-to-depth ratio beam 
(approximately 4:1) so that the maximum shear stress in the beam occurs at the mid-
plane of the laminate specimen. The test will cause shearing at the ply/ply interface or 
within the resin due to the presence of voids [41]. The ILSS (τ) can be determined 
from elementary beam theory for an isotropic beam of rectangular cross-section [80]:  
A
P
4
3=τ     (2-13) 
where P is the maximum load at failure and A is the cross-sectional area of the beam. 
The test has often proven inadequate for accurately measuring the ILSS of laminates. 
Analysis conducted by Whitney shows that the shear stress distribution is different to 
that predicted by classical beam theory. This is due to transverse normal stresses 
caused by the loading supports and the anisotropic properties of the laminate 
specimen [81-83]. However, the test is widely accepted as a means of material 
screening and quality control because of its simplicity, low cost, and the ability to 
rapidly generate a large database that is statistically meaningful [80, 82].   
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The short beam shear failure modes of unidirectional carbon fibre laminates can be 
conventionally divided into two common types: (1) shear failure along the mid-plane 
and (2) permanent deformation and cracking at various locations in the thorough-
thickness direction, as shown in Figure 2-24 [84]. In the shear failure mode, a single 
interlaminar shear crack propagates unstably across one-half of the specimen [84]. 
The permanent deformation mode involves the formation of multiple cracks at 
different ply interfaces through-the-thickness of the laminate causing a gradual drop 
in load. This mode is more common in laminates with a high mode II interlaminar 
fracture toughness [84].  
 
 
Figure 2-24 Short Beam failure modes (a) shear failure; (b) permanent deformation [84] 
The interlaminar shear strength depends primarily on the matrix properties, the 
fibre/matrix interfacial shear strength, and the presence of matrix defects. Void 
content has a profound effect on ILSS [40]. For example, Bowles and Frimpong 
investigated the effect of small, cylindrical voids on the ILSS of a carbon/polyimide 
composite. The void content was varied from 0% to 11% by adjusting the laminate 
cure pressure, and the results indicate that an 11% increase in void content produced a 
41% reduction in interlaminar shear strength [40]. As another example, Ghiorse 
investigated the effect of void content (from 0 to 5 %) on the ILSS of an aircraft grade 
laminate [85]. The ILSS dropped by ~10% for every 1% increase in void content, 
demonstrating the high sensitivity of the material to porosity. Mouritz investigated the 
effect of high void content (3-30% porosity) on the ILSS of thick-section GFRP 
composites and found that the ILSS decreased linearly with increasing void content. 
The ILSS of the laminate was reduced by as much as 87% when the void content was 
increased from 3% to 30% [86].  
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Olivier et al. recognised the importance of void content and size on the mechanical 
properties of laminates [38]. A comparative research study was conducted on the 
effect of voids in two carbon/epoxy laminates, both of which are used extensively by 
the aerospace industry. The first laminate suffered a reduction of 15% in ILSS when 
the void content was increased from 0.3% to 6.8%, whereas the other laminate 
experienced a more severe reduction of 35% in ILSS when the void content was 
increased from 1.4% to 6.8%. After close observation of the voids within the 
materials, the variation in strength was attributed to void size; with larger voids 
causing a higher reduction in ILSS [38].  
Contrary to the literature findings presented thus far, Springer et al. investigated the 
changes in interlaminar shear strength and modulus of T300/976 and T300/934 
unidirectional laminates containing voids and found that neither property was affected 
significantly when the void content is below 3-4% [42]. However, based on the 
review conducted by Judd and Wright [87], most experimental evidence indicates that 
the interlaminar shear strength of a composite, regardless of resin, fibre type, or fibre 
surface treatment, decreases by an average of ~7% per 1% increase in void content. 
This reduction is approximately linear up to a void content of ~4%.  
Wisnom  investigated the effect of voids on the interlaminar shear strength of GFRP 
and CFRP laminates using estimated void fractions ranging from 7% to 14% [88]. 
Voids were artificially created by inserting PTFE monofilaments, creating circular 
voids 0.28 mm in diameter, and PTFE tubes, creating elliptical voids 0.6-3.0 mm long 
and 0.08-0.58 mm wide, into the laminate. Wisnom noted fibre waviness around the 
voids and resin-rich regions on either side of the voids in the fibre direction. The 
voids produced by PTFE tubes had an elliptical cross-section as the tube was 
compressed during cure. The results indicate that for GFRP laminates, even when 
large voids were introduced, in most cases failure did not initiate from the defect. 
Instead, the most common failure mode was two cracks running above and below the 
void (voids aligned perpendicular to the fibre direction), as shown in Figure 2-25 (a). 
GFRP laminates containing circular voids (0.28 mm diameter monofilaments) that 
were aligned parallel to the fibre direction, failed with a single crack initiating from 
the defect and suffered a 9% reduction in ILSS. The carbon-fibre specimens failed 
due to a single crack initiating from the defect, as shown in Figure 2-25 (b). The 
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carbon specimens also demonstrated a consistent reduction in strength with increasing 
void length, as shown in Figure 2-26. Possible explanations for the greater 
susceptibility of CFRP laminates to failure initiating from a defect include the higher 
laminate thickness (i.e. higher thickness specimens are expected to have lower volume 
fractions) and the lower effective fracture energy of the material [88].  
 
 
 
 
Figure 2-25 Schematic representation of failure (a) by cracks above and below the defect, and (b) by a 
single crack from defect  
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Figure 2-26 Effect of defect size on the ILSS of a carbon/epoxy laminate [88] 
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Wisnom et al. [88] determined that the failure of specimens with high levels of 
distributed voids was caused by a combination of the reduction in the cross-sectional 
area due to the voids together with initiation of failure from a single large void.  
Analytical models have used fracture mechanics and the reduction in average cross-
sectional area for the prediction of the effect of voids on the interlaminar shear 
strength of laminates [88, 89]. Corten [90] used fracture mechanics to calculate the 
effect of voids on shear strength (τ):  
61−′= vVCτ             (2-14) 
where C′ is an empirical constant chosen to give a fit to the first data point and Vv is 
the void volume fraction.  
Greszczuk used the strength of materials approach to develop analytical relationships 
for relating the ILSS (τv) to void shape and spatial distribution [91]. Assuming a cubic 
array of spherical voids and a rectangular array of cylindrical voids then: 
Cylindrical Voids:   ( )[ ] 21141 fvov VV −−= πττ            (2-15) 
 
Spherical Voids:  ( )[ ] 3216785.01 fvov VV −−= πττ           (2-16) 
where τo is the shear strength of the void-free composite, Vv is the void content, and Vf 
is the fibre volume fraction. This relationship neglects stress concentrations and 
assumes that the maximum shear stress occurs at a section where the cross-sectional 
fraction of voids in the laminate is greatest [91]. Greszczuk found that the cylindrical 
voids appeared to be more critical than sperical voids and that for both void shapes, 
the rate of decrease in the interlaminar shear strength diminishes with increasing void 
content. 
Hancox found that the models by Corten and Greszczuk were accurate up to a void 
content of about 1.4% [92]. Above this level the measured properties drop off 
considerably more than predicted by the models. This may be due to the models being 
based on fracture mechanics that assumes voids behave as line defects or cracks. 
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Furthermore, the models fail to account for the irregularities in void shapes, sizes and 
distribution within the laminate [40].  
Stone and Clarke [93], de Almeida and Neto [39], and Jeong [41] have used the 
ultrasonic attenuation of composites to describe void content, and have been able to 
show that the ultrasonic attenuation coefficient of CFRP laminates can be related to 
the reduction in interlaminar shear strength since both properties are affected by void 
content.  The following relationship can be used to determine the interlaminar shear 
strength (τv) of a porous composite [41]: 
 
m
cv df
dC
−



= ατ             (2-17) 
where Cc is an empirical factor, and (dα/df ) is the attenuation slope for a specific void 
volume fraction. This relationship provides a good prediction of experimental ILSS 
results [39, 41]. However, the accuracy of the model prediction is highly dependent 
on using the correct proportionality constant (Cc) which is subsequently dependent on 
void shape.  
De Almeida and Neto [39] have also provided a prediction for the reduction in ILSS 
by using a combination of fracture mechanics with the Mar-Lin notched strength 
criterion. This criterion assumes that fracture of composites initiates at a crack lying 
in the matrix at the fibre-matrix interface to calculate the fracture stress (σf) [62]: 
 ( ) mf rH −= 2σ             (2-18) 
where 2r is the notch diameter, H is the composite fracture toughness, and the 
exponent m is the value of the singularity of a crack tip at the fibre-matrix interface. 
This relationship has been modified to account for changes in crack length caused by 
voids, assuming that the equivalent crack size increases with void content [39, 41]. 
Mouritz [86] was able to show a clear relationship between ILSS and the attenuation 
coefficient, proving that ultrasonic measurements can be used to estimate the ILSS of 
thick-section GFRP laminates with high porosity. However, it was not possible to 
estimate the ILSS using the Mar-Lin theory, despite the effectiveness of the theory in 
predicting the ILSS of CFRP composites with low void contents [86].  
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2.3.3 Interlaminar Fracture Toughness (Mode I & Mode II) 
There are three fundamental interlaminar fracture modes which are illustrated in 
Figure 2-27. Mode I represents the crack opening mode, otherwise known as peel 
mode, Mode II represents the sliding shear mode, and Mode III represents the twisting 
shear mode. Characterisation of interlaminar fracture toughness and delamination has 
focused on mode I, mode II and combinations of these modes [94]. Mode III is not a 
common load case for most aircraft structures and is therefore not considered in this 
review. Interlaminar fracture can be defined as the delamination of plies due to 
interlaminar stresses present in the laminate [95]. The interlaminar fracture toughness 
is characterised by the critical strain energy release rates, GIc, GIIc and GIIIc, which 
represent the strain energy dissipated per unit area of delamination growth [96]. 
 
Figure 2-27 Interlaminar fracture modes [94] 
Asp and Brant [95] investigated the effect of voids on the mode I interlaminar fracture 
toughness of CFRP laminates using the common Double Cantilever Beam (DCB) test. 
Laminate void contents ranging from 0.9% to 2.2% were tested. The voids had a 
typical diameter of 1-2 fibre diameters (i.e. 7-15 µm), were elongated and irregularly 
distributed in the laminate. Asp and Brant found that voids did not affect the mode I 
critical energy release rate at crack growth initiation. Increasing the void content 
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caused a 74% increase in the maximum critical energy release rate at crack 
propagation, which can be attributed to a change in failure mechanism. Whereas the 
void-free specimens presented an insignificant amount of crack bridging, the 
specimens containing voids demonstrated extensive crack bridging due to ply splits 
forming at the crack tip, with bridged zones ranging from 25 to 30 mm in length [95]. 
Hou et al. [97] investigated the effect of voids on the interlaminar fracture toughness 
for CFRP woven fabric composites, and presented similar findings to Asp and Brant. 
Hou et al. reported an increase in the mode I strain energy release rate at crack growth 
(GIc) with increasing void content. However, this increase was the result of crack tip 
jumping between the plies, causing extensive crack bridging, which resulted in 
interlaminar toughening [97].  
Research conducted by Bui et al. [98-100] on imperfect interlaminar interfaces 
demonstrates that fibre-bridging and void formation (see Figure 2-28) can contribute 
to delamination resistance. Fibre bridging involves the joining of crack surfaces in the 
crack wake by unbroken fibres peeled from the matrix resin as a delamination 
propagates along an interfacial layer, and can contribute to increasing the strain 
energy required for further crack propagation. The mechanisms involved in void 
coalescence (the formation of voids due to extensive plastic deformation and the 
consequent interaction with neighbouring voids) can absorb considerable amounts of 
strain energy, thus requiring additional energy for further delamination propagation. 
Both of these mechanisms cause higher critical strain energy release rates and 
enhance delamination resistance.  
 
Figure 2-28 Schematic of (a) crack bridging and (b) void coalescence mechanisms [99] 
(a) 
(b) 
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Based on the research conducted by Chandler et al. on crack paths around inclusions 
in composite materials, it was suggested that incorporating unbonded, non-spherical 
particles into a brittle matrix results in a flat fracture-path that promotes crack-pinning 
and leads to an increase in the mode I interlaminar fracture toughness [101]. Another 
mechanism of increased fracture toughness is the formation of microcracks prior to 
macrocrack extension in anisotropic materials [102]. Microcracks forming in the 
crack tip region may reduce the driving force on a dominant crack by reducing the 
stress intensity factor at the crack tip, Ktip. It is assumed that the main crack in a 
layered media, such as a composite material, advance after the coalescence of 
microcracks ahead of the crack tip. However, microcracks can be pinned by adjoining 
layers of higher toughness or by branching along the interface. Furthermore, for 
sufficiently high microcrack densities, the load-shedding zones of neighbouring 
microcracks begin to interact and consequently the stress required to nucleate new 
microcracks increases rapidly, implying microcrack saturation [102]. For fracture to 
advance linking up of the main crack and the microcracks is required so that the 
macrocrack will extend when Ktip equals the fracture toughness of the phase in which 
the macrocrack tip resides.  
 
Figure 2-29 Zones of increased compliance and corresponding K-dominant regions in the vicinity of a 
fracture process zone [102] 
Mouritz investigated the effect of high void contents (3-30% porosity) on the mode I 
fracture toughness of thick-section glass fibre reinforced polymer (GFRP) composites 
and found that both the critical energy release rate for crack initiation (GIi) and crack 
propagation (GIc) decrease rapidly with increasing void content up to a void content of 
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~15% and remain relatively constant as the void content increases further [86]. 
Unstable crack growth behaviour (slip/stick crack growth) was observed in all 
laminates, irrespective of the void content. This caused a high degree of scatter in the 
interlaminar fracture toughness data. Contrary to the observations made by Asp and 
Brant, and Hou, the degree of branching at the crack tip of the porous GFRP 
composites was not extensive enough to promote the crack to jump between plies. 
The delamination was therefore confined to the mid-plane of the laminate and the 
voids facilitated the initiation and growth of the crack, causing a reduction in the 
interlaminar fracture toughness with increasing void content [86].  
Investigations by Asp and Brant [95] and Hou [97] on the mode II interlaminar 
fracture toughness of porous and non-porous laminates, using the End Notch Flexure 
(ENF) tests, indicate that the mode II critical energy release rates at crack initiation 
and propagation suffered small reductions with increasing void content. An 8% 
reduction in the critical strain energy release rate at crack growth (GIIc) of porous 
laminates was reported by Asp and Brant [95]. Furthermore, it was observed that the 
crack propagated in one plane, indicating no crack branching.  
2.3.4 Impact Damage Tolerance 
Out-of plane impact loading of composites is a critical issue in damage tolerant design 
of aircraft structures because the damage may be left undetected (known as barely 
visible impact damage, BVID).  Impact loading can lead to damage involving three 
modes of failure: matrix cracking, delamination and eventually, for higher impact 
energies, fibre breakage and ply rupture [103]. It is possible that even when there is no 
visible impact damage on the laminate surface, some degree of matrix cracking and 
delamination can exist, and the residual strength can be compromised. Typical low 
velocity impact damage begins with delamination of the bottom ply (the ply furthest 
from the impacted surface) originating from matrix cracking due to bending. This 
bottom ply is subjected to the maximum tensile stress in the transverse direction due 
to the impact load. Delamination in the last interface of the laminae (the laminae 
closest to the impacted surface) is caused by matrix cracks emanating vertically from 
the bottom of the composite and spreading horizontally when they reach the last 
interface, this form of damage is typically known as the top-hat damage and is shown 
in Figure 2-30. The degree of horizontal propagation of the defect/crack is inversely 
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related to the mode II interlaminar fracture toughness of the laminate, GIIC [103]. In 
general, the available literature on the effect of voids on the impact damage tolerance 
of carbon fibre/epoxy composites was extensively limited. 
 
Figure 2-30  Typical damage model in a transverse cross section of a laminated composite subjected to 
out-of-plane loads [103]  
2.3.5 Through-Thickness Tensile Strength 
Through-thickness stresses occur in composite aircraft structures under various 
structural and flight loading conditions. Structural features such as free edges, holes, 
changes in section thickness, curved edges, and bonded or bolted joints all act as 
stress concentrators that may induce through-thickness stress. Interlaminar tensile 
(peel) and shear stresses coupled with the inherent low through-thickness strength 
properties of laminates can result in microcracking and delaminations which lead to 
reductions in stiffness and strength. The critical stresses in a through-thickness or 
flatwise tensile strength occur at the fiber/matrix interface and hence provide valuable 
information about the fiber/matrix bond strength [96].  
Carbon/epoxy laminates tested by Olivier et al. experienced a reduction in their 
transverse tensile strength of ~30% with increasing void content from 0.3 to 10.3 
vol% (see Figure 2-31) [38]. The transverse tensile load is carried equally by the 
fibres, matrix and interface. It is therefore expected that the presence of voids, acting 
as local breaks in the fibre-matrix adhesion, and the reduced matrix volume would 
reduce the transverse tensile strength and modulus [38].  
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Figure 2-31 Transverse tensile strength of carbon/epoxy laminates with increasing void content  
2.4 Summary 
Comparative Vacuum Monitoring (CVM) is a structural health monitoring (SHM) 
method that utilises the installation of small silicon sensors on the surface of metallic 
structures for the detection of surface cracks. A literature review of the CVM theory 
and the associated technology applied to metallic and composite structures has been 
presented in this chapter. The CVM sensor is made from a self-adhesive silicon patch 
which is bonded to the surface and consists of a series of long and narrow open-hole 
galleries, forming the outer surface layer of the structure. The air pressure within 
every second gallery is placed under a low pressure and the remaining galleries are 
maintained at ambient pressure. When a crack grows on the surface of the structure 
and under the CVM sensor it bridges two neighbouring galleries and creates an air-
flow path from an atmospheric gallery to a low pressure gallery. This pressure 
differential is detected by a fluid flow meter connected to a port on the sensor during 
scheduled inspections.   
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CVM systems have generally been used for the detection of surface cracks in metallic 
structures, but recent research has shown that they are also successful in detecting 
cracks at the faying surfaces of riveted lap joints, fatigue cracks under bonded patch 
repairs, and barely visible impact damage (BVID). Results obtained from mode I 
fracture testing of lap joints made from a carbon composite patch bonded to an 
aluminium substrate and containing CVM galleries at the matrix/adhesive interface 
indicated no significant changes to the Mode I fracture toughness of specimens 
containing CVM galleries compared to the gallery free specimens. Furthermore, 
research into the low velocity impact damage detection of woven composites 
containing galleries at various ply interfaces demonstrated that the use of parallel 
back-ply interface CVM galleries enables the detection of impact damage with 
minimal effect on the mechanical properties of the laminate. However, much remains 
unknown about the effect of CVM galleries on the impact damage resistance and 
mechanical properties of composite materials.  
Assuming that CVM galleries act in a similar manner to elongated, cylindrical voids 
in composites, a literature review into the effects of voids on the mechanical 
properties of composites has been presented to aid in the understanding of the 
behaviour of laminates containing CVM galleries. A review on the effect of voids has 
revealed that the in-plane tensile and compressive properties of laminates decrease 
with increasing void content primarily due to the local fibre deformation (fibre 
waviness). However, it was also shown that void morphology plays an important role 
on the degree of strength reduction and that the effect of voids can be minimised by 
maintaining an elliptical void cross-section. The research findings also indicate that 
the interlaminar shear strength (ILSS) of composites is very sensitive to void content. 
Most experimental evidence reported that the interlaminar shear strength of a 
composite, regardless of resin, fibre type, or fibre surface treatment, decreases by an 
average of ~7% per 1% increase in void content.  
The effect of voids on the mode I and mode II interlaminar fracture toughness of 
composites is not as detrimental as ILSS and the in-plane tensile and compressive 
properties. In general, the literature indicated that voids do not have a significant 
effect on the mode I interlaminar toughness for laminates with a relatively low void 
content (< 2.2%). This was mainly attributed to an increased degree of crack bridging 
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forming at the crack tip of laminates containing voids. Laminates with a higher void 
content (5-30%), however, experienced a reduction in the mode I fracture toughness 
with increasing void content. Similarly, the mode II interlaminar fracture toughness of 
laminates suffered small reductions with increasing void content. The literature 
suggests that the through-thickness tensile strength reduces considerably with 
increasing void content. The through-thickness tensile load of a laminate is carried 
equally by the fibres, matrix and interface. Voids act as local breaks in the fibre-
matrix adhesion thus causing a reduction in the laminate through-thickness strength 
and modulus. The effect of voids on the impact damage tolerance of carbon 
fibre/epoxy composites has not been extensively investigated.  
This chapter has provided a general overview of the CVM theory and technology and 
has demonstrated examples of its application to metallic and composite structures. 
Although some research has been conducted to enable the use of CVM sensors in 
composite delamination monitoring, the research findings indicate that there is a gap 
in the knowledge regarding the application of CVM sensors in laminates and their 
possible effects to the mechanical and fracture properties of laminates. An attempt to 
fill the gaps in the knowledge regarding the effects of CVM sensors on the 
mechanical, fatigue and fracture properties of laminates is made in the following 
research chapters in the thesis. 
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Chapter 3 
 
Mechanical Properties of Composites 
Containing CVM Sensors 
3 Mechanical Properties of composites containing CVM sensors 
3.1 Summary 
The effect of CVM galleries on the mechanical properties, including the in-plane 
tensile and compressive strengths; tensile and compressive fatigue life; the 
interlaminar shear strength; and through-thickness tensile strength of carbon/epoxy 
laminates are investigated in this chapter. It was found that the inclusion of open-hole 
CVM galleries into polymer laminates can degrade their tensile and compressive 
properties by altering the microstructure. Changes in microstructure included reduced 
fibre volume content due to bulging, reduced load-bearing area, and increased ply 
waviness. It was observed that the reduction in the tensile and compressive properties 
was more severe when galleries were aligned in the normal direction to the load 
application, because these galleries caused a large degree of waviness in the load-
bearing plies. Analytical models, taking into account the reduction in load-bearing 
area and increased ply waviness, were developed for estimating the tensile and 
compressive properties of laminates containing various combinations of CVM gallery 
shapes, sizes and orientations. The fatigue test results indicated that for maximum 
cyclic stresses between 98-90% of the ultimate tensile strength, increasing the gallery 
size did not change the fatigue life of laminates, however the fatigue strength (peak 
stress) of laminates with large galleries (2.98 mm) was reduced by as much as 50%.  
The interlaminar shear strength was found to decrease at a linear rate with increasing 
size or area density of the galleries. The loss in shear strength was attributed to the 
reduced load-bearing area due to the galleries, which increased the shear stress acting 
on the interply layer. Contrary to the interlaminar shear properties, the through-
thickness tensile strength of the laminate was not significantly affected by the 
presence of interlaminar galleries (when the galleries were below ~1 mm in diameter 
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and had a spacing of ~5 mm). This result was supported by finite element analysis 
(FEA). Varying the spacing of galleries in a FE model indicated that the stress 
concentrations around galleries spaced 5 mm apart do not interact with their 
neighbouring galleries and hence can be considered as localised stress concentrations, 
not having a cumulative effect on the stress concentration at the interply layer. These 
localised stress concentrations are not high enough to cause delamination along the 
plane of galleries under a through-thickness tensile load, and as a result failure of the 
laminate does not occur along the ply interface containing interlaminar galleries.  
Based on the mechanical property data and observations of failure mechanisms, it 
appears that minimizing bulging, ply waviness, and loss in load-bearing area is critical 
to maintaining the mechanical properties of laminates containing CVM galleries.  
3.2 Introduction 
Aircraft composite structures are subjected to complex and interacting discrete 
damage modes depending on the loading conditions, material properties, laminate 
stacking sequence and environmental conditions. Structural health monitoring 
techniques, such as CVM, can be used to detect and monitor the damage in laminates, 
enabling predictions of the residual strength, stiffness and lifetime properties 
subjected to various loading conditions. However, the inclusion of sensing devices in 
laminates can change the microstructure and consequently the mechanical properties. 
In the case of CVM sensors, they can be considered as very long voids. It is well 
known that voids have a detrimental effect on certain mechanical properties, as 
described in the literature review (Chapter 2). Among the laminate properties which 
are strongly influenced by voids are the matrix-dominated properties, such as 
interlaminar shear strength, compressive strength, delamination toughness and, to a 
lesser degree, the in-plane tensile properties [37-43]. An insight into the effect of 
CVM galleries on the mechanical properties of laminates, including the in-plane 
tensile and compressive strength and moduli, interlaminar shear strength, and 
through-thickness tensile strength, is provided in this chapter through experimental 
investigations. The experimental results are compared to analytical models, and 
simple finite element models are used to investigate the stress concentrations around 
CVM galleries under the various loading conditions.    
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3.3 Manufacturing of composites containing CVM galleries 
In order to investigate the effect of CVM galleries on the mechanical performance of 
carbon/epoxy laminates, an optimum manufacturing method for inserting interlaminar 
galleries was established. The material used to manufacture the laminates was HexPly 
914C-TS-5-34% prepreg tape; the properties of which are given in Table 3-1. A 
[0/90]s lay-up was used and a nominal thickness of ∼4 mm (equivalent to 32 plies) 
was achieved. The laminates were consolidated and cured in an autoclave at an 
overpressure of 690 kPa and temperature of 180oC for two hours, with at a heat-up 
rate of 3-5oC/minute. 
Table 3-1 Laminate Properties [104] 
Laminate Properties  
Fibre Type T300K 
Nominal density (ρ) 1.57 g/cm3 
Nominal cured ply thickness  0.126 mm 
Nominal fibre volume  59.45 % 
Tensile Strength (T300/914, one ply) 486.3 ± 40.6 MPa 
Compressive Strength (T300/914, one ply) 356.8 ± 25.5 MPa 
Shear Strength (T300/914, one ply) 50.6 ± 5.6 MPa  
Tensile Modulus  139.8 GPa 
Shear Modulus  3.82 GPa 
Open-hole CVM galleries were introduced during lay-up of the uncured prepreg 
stack, thereby eliminating the need for drilling the cured laminate. The galleries were 
positioned at the mid-plane of the laminate and aligned longitudinally (0o) or 
transversely (90o) to the load direction (see Figure 3-1). The effect of the two gallery 
orientations - longitudinal and transverse to the load direction - has been investigated 
to determine the optimum gallery orientation based on the loading conditions.  
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(a) 
(b) 
Figure 3-1 Schematic showing the arrangement of the (a) longitudinal and (b) transverse galleries in 
the laminate (the specimens are loaded in the 0o direction) 
The galleries were formed by inserting thin mandrels between the middle plies of the 
laminate during lay-up and then removing them once the laminate was cured. Initially, 
some of the mandrels considered included: (a) small diameter nylon cord; (b) small 
diameter steel wire coated by release agents such as Frekote and wax; and (c) small 
diameter steel wire surrounded by an external silicone tube. A major drawback in 
using the aforementioned mandrels is the high frictional force involved in pulling the 
mandrels from the cured laminate. Although some mandrels, such as the steel wire 
coated with wax, were successfully removed, there were inconsistencies in the 
number of mandrels able to be removed per panel, with some mandrels breaking 
during the extraction process. These methods, therefore, are not reliable in 
consistently producing CVM galleries.  
Following a series of manufacturing trials, three mandrels were selected as most 
effective and consistent for the manufacture of CVM galleries: (a) a silicone tube 
which is inserted during lay-up and removed post-cure; (b) a silicone cord which was 
also removed post-cure, and (c) a non-removable hollow glass tube (Figure 3-2). The 
 
t ≈ 4 mm 
Transverse galleries pitch ≈ 5 mm 
90o 
0o 
t ≈ 4 mm 
Longitudinal galleries 
90o 
0o 
pitch ≈ 5 mm 
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use of two different mandrels for the manufacture of the galleries resulted in two 
gallery cross-sectional shapes, with the silicone tube/cord producing elliptical 
galleries (Figure 3-3) and the glass tube producing circular galleries (Figure 3-4). The 
shape of the galleries does not alter their ability to act as CVM sensors for the 
detection of interlaminar damage, although it may affect the mechanical performance 
of the laminate which is investigated in this chapter.   
        
             (a)          (b) 
Figure 3-2 Photo of (a) Silicone tubing and (b) Fused silica tubing used in CVM gallery manufacture 
3.3.1 Elliptical CVM Galleries  
Soft, platinum cured, silicone tube supplied by SDR Clinical Technology Tubing 
(Australia) was used to produce CVM galleries with an elliptical cross-sectional 
shape. Although the silicone mandrel was initially circular (Figure 3-2), it was 
compressed during consolidation of the laminate inside the autoclave. The silicone 
mandrel was easily pulled from the laminate after curing, leaving galleries that have 
an elliptical cross-sectional shape. These galleries are called “elliptical galleries”. The 
height (2a) and width (2b) of the elliptical galleries studied in this thesis are given in 
Table 3-3, and their aspect ratio (a/b) is within the range of 2.5-3.0.  A silicone cord 
of diameter 1.5 mm was also used in some experiments to create elliptical galleries 
with a lower aspect ratio (~1.40). The silicone cord was unavailable in smaller 
diameters so it was not possible to investigate different gallery aspect ratios for a 
range of gallery sizes. For consistency, all elliptical CVM galleries are labelled and 
graphed by their width throughout the thesis. Regardless of whether or not the gallery 
width plays a critical role on the laminate mechanical properties, it is used as a means 
of distinguishing between the different sized galleries.       
Chapter 3  Mechanical Performance      68 
 
 
Figure 3-3 Optical micrograph of elliptical gallery created by silicone tube/cord  
 
Figure 3-4 Optical micrograph of circular gallery created by silica tube 
Table 3-2 Gallery dimensions – before and after cure 
Before Cure Post-Cure 
Gallery Type OD* 
 (mm) 
ID♣  
(mm) 
Wall 
Thickness 
(mm) 
Width  
(2a)  
(mm ) 
Height  
(2b)  
(mm) 
Aspect 
Ratio 
(a/b) 
Elliptical 0.40 - - 0.58 0.22 2.64 
Elliptical 0.60 - - 0.86 0.34 2.53 
Elliptical 1.80 - - 2.98 1.02 2.92 
Elliptical 1.50 - - 1.84 1.21 1.40 
Circular 0.17 0.11 0.06 0.17 0.17 1.00 
Circular 0.32 0.22 0.10 0.32 0.32 1.00 
Circular 0.43 0.32 0.09 0.43 0.43 1.00 
Circular  0.68 0.53 0.15 0.68 0.68 1.00 
* OD = outer gallery diameter for glass tubes. 
♣ 
ID = inner gallery diameter for glass tubes. 
2r 
2b 
2a 
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It is possible that a very small amount of silicone remained in the composite after the 
mandrel was removed. Silicone does not adhere to composite, which is why it is used 
successfully as a mandrel material, but a small amount may remain on the gallery 
wall. It is difficult to detect the presence of silicone on the gallery walls using 
chemical analysis methods because both silicone and epoxy are hydrocarbons. Even if 
a small amount of residual silicone was present, it is extremely unlikely to affect the 
composite properties because the silicone molecules are too large to be readily 
absorbed into the epoxy matrix and thereby affect the mechanical properties. 
3.3.2 Circular CVM Galleries  
The second gallery mandrel is fused silica tubing supplied by SGE Analytical Science 
Pty. Ltd. (Victoria). The outer surface of the tube is coated with high-temperature 
polyimide resin (15-20 µm in thickness). The polyimide coating protects the delicate 
silica tubing from damage during handling and promotes bonding with the laminate. 
The wall thickness of the glass tube ranged between 60 and 150 µm, depending on the 
tube diameter (see Table 3-2). The glass tubes retained their circular shape during 
consolidation and curing of the laminate.  For this reason, these galleries are referred 
to as “circular galleries”.  
3.3.3 Gallery Alignment and Spacing  
Inserting the mandrels in the laminate during lay-up was equally challenging as 
selecting the types of mandrels to be used. Result reproducibility is an important 
factor in experimental research and, as such, it is important to maintain an even 
gallery distribution across all laminates. Due to the limitations associated with the 
novelty of this research, it was difficult to construct the necessary test fixtures in order 
to ensure the accuracy and repeatability of the gallery spacing and gallery size. It is 
recommended that future research be undertaken for the design and application of a 
more sophisticated method of silicone insertion. For the purpose of this research and 
in order to maintain as constant a gallery spacing and gallery size as possible 
throughout all samples, threaded rods (with a 1 mm thread) were used to secure the 
silicone tubing, as shown in Figure 3-5. The silicone tubes were cut to the same even 
lengths and stretched across the laminate at equal distances so as to ensure equal 
tension and therefore similar gallery sizes across a single laminate sample.   
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Figure 3-5 Lay-up of galleries using threaded rods for even gallery spacing 
The high stiffness of the silica tubes compared to the silicone made it impossible for 
them to be threaded through the rods like the silicone tubes; hence they were 
positioned using a ruler and held in place using high-temperature tape. The gallery 
spacing ranged from 3 to 10 mm; however the majority of the specimens contained 
galleries with 5 mm spacing. All specimens were cut into shape using a dry circular 
saw and then sanded to remove edge notches. The location and geometry of CVM 
galleries in the specimens was determined by visual inspection because they could be 
clearly seen. It was not deemed necessary to use NDT such as C-scan Ultrasonics to 
establish the location and shape of the galleries. However, NDT inspection would be 
essential to characterise the location and shape of “blind” CVM galleries embedded in 
composite structures. 
The repeatability of the forming process in this research is purely attributed to due 
care taken during the hand lay-up process to produce laminate panels with minimal 
differences. The limitations associated with the availability of certain research 
materials, such as a range of prepreg materials and silicone tubing sizes meant that 
specific parameters had to be enforced in the manufacturing of the specimens. The 
research would benefit greatly from a study into the effect of parameters such as resin 
viscosity, resin gelation time, modulus of the silicone tubing, consolidation pressure 
and temperature in order to control the gallery sizing, gallery cross-sectional shape, 
and gallery distribution. By removing all experimental restrictions that have so far 
been imposed on the research, it may be possible, based on the control of the 
aforementioned parameters, to design a CVM sensor system that is ideal for specific 
loading cases and structural requirements. The results obtained from this experimental 
Threaded rods control the gallery spacing & size 
(all galleries stretched over the same distance)   
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study, limited though they may be in terms of laminate and sensor parameters, should 
be used as a basis for the design of a more sophisticated sensor system.  
3.4 CVM Specimen Microstructure 
The microstructure of the laminate specimens was changed by the galleries, and this 
can affect the mechanical properties. Major changes included increased ply waviness 
around the galleries; formation of resin-rich zones next to the galleries; and 
volumetric bulging which reduced the average fibre volume content of the laminate.  
Cured specimens were examined using optical microscopy to quantify the 
microstructural changes caused by the galleries.  
Figure 3-6 shows fibre waviness caused by the plies being forced to bend around the 
galleries. The ply waviness angle (θ) was greatest along the flanks of the distorted 
region, and this angle increased with gallery diameter as shown in Table 3-3. The 
insertion of the galleries increased the thickness of the resin-rich layer between the 
plies (see Figure 3-6). The thickness of these zones diminished with distance away 
from the gallery.  However, when the galleries were closely spaced or when the 
galleries were large enough to cause considerable ply distortion, the zones coalesced 
into a continuous thick interply layer of resin that is expected to affect the 
interlaminar properties.   
The ply waviness caused by the circular galleries was greater than that caused by the 
elliptical galleries (for a fixed gallery diameter in the fibre direction). This is because 
the elliptical galleries are flattened in the fibre direction (during consolidation in the 
autoclave) which reduces the ply distortion. Ply waviness is also dependent on the 
orientation of the galleries with respect to the load direction.  When galleries are 
aligned transverse to the load direction (90o), it is the load-bearing (0o) plies that 
experience the increased ply waviness.  The transverse (90o) plies are pushed aside by 
the transverse galleries, but are straight and parallel with the gallery axis. Conversely, 
when galleries are longitudinal it is the transverse (90o) plies that are distorted while 
the longitudinal (0o) plies are not affected.    
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(a) 
 
 
(b) 
Figure 3-6 Cross-section of (a) circular galleries created from hollow glass tube (OD = 0.68 mm) and 
(b) elliptical galleries from silicone tubing (2a = 0.58 mm); note the ply waviness around the galleries 
Insertion of the galleries caused the laminate to swell (i.e. become thicker), and this 
could not be completely removed during consolidation and curing because of the 
resistance against compaction imposed by the mandrels. The bulging increased with 
the gallery diameter. This bulging reduced the average fibre volume content of the 
laminate. The average thickness value and fibre volume content for the different 
specimens are given Table 3-3.  
CVM galleries likely to be considered for application in aircraft laminates will be 
equal to or smaller than the smallest gallery sizes considered in this research (< 0.58 
mm) and hence are unlikely to have a considerable effect on the surface condition of 
the laminate since the bulging caused by these small galleries was negligible, and 
under the right manufacturing conditions may cause an even smaller thickness 
increase to the carbon/epoxy laminate. 
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Table 3-3 Laminate microstructural changes 
Gallery 
Type 
Width  
(2a)  
(mm ) 
Height  
(2b)  
(mm) 
Apparent
Edge 
Radius 
(mm) 
Fibre 
Distortion 
Angle (o) 
Laminate  
Thickness 
(mm) 
Average 
Fibre 
Content 
(%) 
No gallery - - - - 4.10 60.00 
Elliptical 0.58 0.22 0.13 2.40 4.20 59.70 
Elliptical 0.86 0.34 0.24 4.80 4.27 59.40 
Elliptical 1.84 1.21 0.49 16.5 4.45 56.10 
Elliptical 2.98 1.02 0.42 8.40 4.71 54.50 
Circular 0.17 0.17 0.09 1.30 4.13 59.90 
Circular 0.32 0.32 0.16 3.50 4.13 59.80 
Circular  0.68 0.68 0.34 8.00 4.18 59.10 
3.5 In-Plane tensile properties of composites with CVM galleries 
The tensile modulus and strength of the laminate without and with galleries was 
measured according to ASTM D3039 [105]. Tensile specimens were manufactured to 
the dimensions given in Table 3-4. The tests were performed using a 100 kN MTS 
machine at a constant loading rate of 2 mm/min. Five specimens were tested for each 
gallery size investigated. Specimens with galleries in the parallel and normal direction 
to the load were tested. The spacing between the galleries was 5 mm unless stated 
otherwise.  
Table 3-4 Tensile specimen dimensions 
Dimension Measurement (mm) 
Length 190 
Gauge length 100 
Length of gripped areas 45 
Width  25 
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3.5.1 Tensile stress-strain response 
Typical stress-strain curves for specimens containing transverse galleries are 
presented in Figure 3-7. The curves indicate that all laminates experienced linear 
(elastic) deformation up to failure. It is evident that there is no noticeable change in 
the stiffness for specimens containing galleries up to a critical size (~ 0.86 mm). The 
stress-strain relationship of the material is not influenced by the gallery shape since 
both elliptical and circular galleries produced similar results. There is, however, a 
reduction in stiffness and strength for the laminates containing the two largest 
elliptical galleries (1.84 and 2.98 mm).  
 
0
100
200
300
400
500
600
700
800
900
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Tensile Strain (%)
Te
ns
ile
 S
tre
ss
 (M
Pa
)
No galleries
0.58 mm elliptical gal.
0.86 mm elliptical gal.
1.84 mm elliptical gal.
2.98 mm elliptical gal.
0.17 mm circular gal.
0.32 mm circular gal.
0.68 mm circular gal.
 
Figure 3-7 Representative stress-strain curves for specimens with 0 – 2.98 mm transverse galleries 
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3.5.2 Tensile Modulus of composites containing CVM galleries 
Figure 3-8 shows the effects of shape, size and orientation of galleries on the tensile 
modulus. Within the range of experimental scatter, the tensile modulus is not affected 
severely by gallery shape (for a fixed gallery size and orientation). This suggests that 
the gallery shape does not have a significant affect on the elastic modulus. The 
modulus is, however, dependent on the gallery diameter above a critical size. The 
modulus value does not change until the gallery size approaches a value somewhere 
between ∼1 mm and ∼3 mm, above which the stiffness is reduced. It is difficult to 
predict the exact gallery size at which the modulus begins to deteriorate due to 
limitations in the tested gallery sizes. Similar reductions are observed for both 
longitudinal and transverse galleries, although the loss in modulus is much greater for 
transverse galleries. A maximum reduction of ~8% was experienced by laminates 
containing longitudinal galleries, whereas a ~30% reduction in modulus occurred for 
the laminate with the largest transverse galleries.   
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(b) 
Figure 3-8 Effect of gallery shape and diameter on the tensile modulus of the laminate containing 
galleries in the (a) longitudinal and (b) transverse directions 
The reduction to the elastic modulus is attributed to three factors: reduction in load-
bearing area due to the open-hole design of the galleries; reduction in the fibre volume 
content caused by bulging; and distortion of the load-bearing (0o) plies around the 
galleries. It is possible to calculate the elastic modulus of laminates containing 
galleries by analysing the influence of these three factors using various computational 
methods, including finite element analysis. A new and simple approach is presented 
here which does not involve complicated computational models. The model presents a 
gross simplification of the physical condition of the CVM composites in calculating 
their tensile modulus, but nevertheless considers the major changes to the 
microstructure of the composite. The approach outlined, while simple, is expected to 
give a similar level of accuracy in the prediction of mechanical properties of laminates 
containing CVM galleries to more complicated finite element analyses.  
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When it is assumed that the galleries have no stiffness, then the influence of the 
reduced load-bearing area caused by these galleries on the tensile modulus can be 
simply calculated by: 
o
g
tot A
A
EE ≈                                          (3-1) 
where Eto is the tensile modulus of the laminate without galleries, and Ao and Ag are 
the load-bearing areas of the tensile specimens without and with galleries, 
respectively.  Ag is determined from the area density and dimensions of the galleries.   
Bulging in the through-thickness direction reduces the in-plane tensile modulus by 
lowering the fibre volume content of the laminate.  The fibre content is inversely 
related to the specimen thickness, and therefore the elastic modulus can be estimated 
by: 
  
o
g
tot t
t
EE ≈                     (3-2) 
where to and tg are the thickness of the laminate without and with galleries, 
respectively.  The measured thickness values given in Table 3-3 were used to 
calculate the effect of bulging on the tensile modulus.  
The effect of ply waviness at the galleries on elastic modulus can be approximately 
calculated by considering the volume fraction and angle (θ ) of the load-bearing plies 
that are deflected by the galleries using the rule-of-mixture equation: 
  )()()0( θθ ffftot
VEVEE o +≈                 (3-3) 
where 
)0( ofV and )(θfV are the volume fractions of the composite that contains load-
bearing (0o) plies that have not or have been distorted by the galleries, respectively. 
These values are measured from photomicrographs of the specimens. To simplify the 
analysis, it is assumed that all the fibres within the wavy volume of material are 
deflected to the same angle, (θ ) . A more accurate representation would require a 
detailed analysis of the change in fibre angle with distance from the gallery edge, 
although this has not been performed here. )(θfE  is the tensile modulus of the region 
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of the composite containing load-bearing plies that have been deflected by the angle 
θ  by the galleries, and is calculated using: 
                            
1
2212
12
44
)( cossin)
21(sincos
−


 −++= θθυθθθ
tototo
f EGEE
E               (3-4) 
where G12 and ν12 are the in-plane shear modulus and Poisson’s ratio, respectively. 
When the galleries are aligned parallel to the load direction there is no distortion of 
the load-bearing plies, and therefore the effect of ply waviness on the elastic modulus 
can be ignored.  However, the load-bearing plies are distorted by the normal galleries, 
and the measured ply waviness angles given in Table 3-3 were used to calculate the 
tensile modulus of the laminate containing galleries in the normal direction.    
The total reduction to the tensile modulus caused by the galleries is calculated by the 
combined losses determined using equations 3-1, 3-2 and 3-3. The calculated 
reduction to the tensile modulus is plotted against the gallery diameter as the solid 
curves in Figure 3-8. In most cases, there is reasonable agreement between the 
calculated and measured values for the laminates containing longitudinal galleries. 
This indicates that when the galleries are aligned in the direction of the applied load, 
the analytical relationship can be used to estimate the effect of gallery shape and size 
on the tensile modulus. The model predicts no appreciable difference in the tensile 
modulus of laminates containing circular or elliptical galleries (for a fixed gallery size 
and orientation), which is in agreement with the experimental data that shows the 
gallery shape does not have a significant influence. The model also predicts that for 
the laminates containing longitudinal galleries, the elastic properties will not change 
significantly with increasing gallery diameter up to about ∼1 mm, and that for these 
laminates there is no significant difference between the tensile modulus of circular 
and elliptical galleries. However, the model indicates a marked reduction in the tensile 
modulus of laminates containing transverse galleries because they cause the distortion 
of the load-bearing plies away from the load direction (~38% measured reduction in 
stiffness). The prediction of the tensile modulus, for these laminates, is accurate up to 
a gallery diameter of about 0.3 mm. For laminates with galleries larger than ∼0.3 mm 
the model overestimates the reduction in modulus because the analytical relationship 
assumes that all plies above and below a gallery are distorted by a constant maximum 
Chapter 3  Mechanical Performance      79 
 
angle (θ ); whereas in reality the angle is gradually reduced until the plies at the 
surface of the laminate (away from the gallery) have a distortion angle θ = 0o.  As a 
result, the degree of fibre waviness is overestimated and this is transferred to the 
relationship used to calculate the reduction in tensile modulus. Although the model is 
inaccurate in predicting the tensile modulus of laminates with large CVM galleries, 
galleries of such magnitude (1.84 and 2.98 mm) are unlikely to be applied to aircraft 
structures. In practice, CVM galleries likely to be used on aircraft structures would be 
less than 1 mm in size.  
3.5.3 Tensile Strength of composites containing CVM galleries 
The effect of CVM galleries on the tensile strength is shown in Figure 3-9. The effect 
of gallery shape on the tensile strength is dependent on the orientation of the galleries. 
When the galleries are aligned parallel to the load direction there is no significant 
difference between the strength of the laminates containing circular or elliptical 
galleries.  That is, gallery shape has no affect on the tensile strength when the galleries 
are in the longitudinal direction. However, gallery shape has a noticeable affect on the 
strength when galleries are in the transverse direction.  Furthermore, the strength of 
the laminate containing transverse circular galleries is lower than the laminate with 
transverse elliptical galleries (for a fixed gallery size). Figure 3-9 also shows that the 
measured loss in strength caused by the largest galleries in the longitudinal direction 
is relatively modest (~8%) compared to a much larger reduction (~55%) when these 
galleries are aligned normal to the load direction. This suggests that the mechanisms 
controlling the strength properties and failure modes are different for composites 
containing longitudinal and transverse galleries.   
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(b) 
Figure 3-9 Effect of gallery shape and diameter on the tensile  strength of the laminate containing 
galleries in the (a) longitudinal and (b) transverse directions  
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3.5.4 Effect of longitudinal CVM galleries on strength & failure 
mechanisms 
Post-mortem examination of failed tensile specimens containing longitudinal galleries 
revealed that the failure mechanism was not affected by the shape or size of these 
galleries. The failure mode of the specimens with the longitudinal galleries was 
identical to the laminate without galleries. For example, Figure 3-9 shows broken 
tensile specimens with and without galleries, and in all cases the failure mode 
involved transverse fibre rupture. None of the specimens containing parallel galleries 
showed signs of failure modes that did not occur in the gallery-free material.  
 
 
(a) 
 
(b) 
 
(c) 
Figure 3-10 Tensile ply rupture of laminate specimens with (a) No galleries, (b) 0.58 mm longitudinal  
elliptical galleries and (c) 2.98 mm longitudinal elliptical galleries 
The small reduction to the tensile strength caused by longitudinal galleries can be 
attributed to changes to the microstructure which do not affect the tensile failure 
mechanisms. The two main changes caused by longitudinal galleries are reduced fibre 
content due to bulging and reduced load-bearing area, which are not expected to alter 
the failure modes (as mentioned, longitudinal galleries do not distort the load-bearing 
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plies). Because the failure mechanism is not changed by longitudinal galleries, then 
the effect of the reduced load-bearing area on the tensile strength can be calculated 
using the approximation: 
  o
g
tot A
Aσσ ≈
                  (3-5) 
where σto is the tensile strength of the laminate without galleries. The effect of 
bulging on the strength can be estimated using:  
o
g
tot t
tσσ ≈             (3-6) 
As mentioned, Ag and tg are the load-bearing area and thickness of the laminate with 
galleries, respectively, whereas Ao and to are the area and thickness values of the 
laminate without galleries, respectively.  The forms of these equations are the same as 
those used to calculate the tensile modulus of the laminate containing longitudinal 
galleries (equations 3-1 and 3-2).   
The calculated reduction to the tensile strength for the laminate containing circular 
and elliptical galleries are plotted by the curves in Figure 3-9a. Agreement between 
the calculated and measured strengths is good, although the model underestimates 
slightly the tensile strength for the largest gallery size. Despite this small discrepancy, 
it appears that the simple modeling approach outlined above, which relies on only a 
few known variables (Ag, tg), can be used to approximate the tensile strength for 
laminates containing different shape and size of longitudinal galleries.   
3.5.5 Effect of transverse CVM galleries on strength & failure 
mechanisms 
Figure 3-9b shows that large reductions to the tensile strength occurred when galleries 
are transverse to the load direction, particularly for the largest gallery. The reduction 
can be attributed in part to reduced load-bearing area and increased bulging, which are 
the changes to the microstructure responsible for the loss in strength of the laminate 
containing longitudinal galleries. However, the large difference between the strengths 
of the laminates containing longitudinal or transverse galleries suggests that waviness 
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of the load-bearing plies, which only occurs with transverse galleries, is the most 
significant change to the microstructure controlling strength. 
Figure 3-11 shows the failure mode of tensile specimens containing transverse 
galleries of varying sizes. For comparison, a broken tensile specimen without galleries 
is also shown. The failure mechanism of the laminate with small galleries is the same 
as when there are no galleries, and involves tensile rupture of the load-bearing plies. 
In this case, small galleries are defined as those that do not significantly degrade the 
strength. Tensile ply rupture in specimens containing small galleries occurs at a 
gallery (as shown in Figure 3-11b), although this does not alter the failure mechanism. 
When the gallery diameter increased from ~ 1 mm to ~ 3mm the tensile failure mode 
involved ply rupture and longitudinal splitting (Figure 3-11c). This transition in the 
failure mode corresponded to the large drop in tensile strength shown in Figure 3-9b.  
Due to the sudden, catastrophic nature of the fracture event it was not possible to 
observe whether splitting preceded ply rupture or visa versa or both events occurred 
concurrently. However, it is believed the splitting cracks initiated under the action of a 
local transverse tensile strain generated as the wavy plies experienced a small degree 
of straightening under axial tensile loading, as depicted schematically in Figure 3-12. 
Under far-field tension, the driving forces for crack initiation at the transverse 
galleries are: (a) tension across the distorted region close to the galleries caused by the 
tendency of wavy plies to straighten; and (b) stress concentration at the gallery 
boundary. Close to the failure stress, the cracks may propagate in an unstable, sudden 
manner and thereby trigger the long splits observed in Figure 3-11c. There is some 
similarity between the failure observations around the large normal galleries and the 
failure sequence at ply-drop locations in tape laminates where ply waviness in also 
found. Similar mechanics are likely to be pertinent, as described, for example, in 
Varughese and Mukherjee [106] and Vidyashankar and Krishna Murty [107]. 
This mechanism also accounts for the dependence of tensile strength on gallery shape.  
Figure 3-11b shows that the strength decreases more rapidly with increasing gallery 
size when they are circular rather than elliptical. The ply waviness angle (for a fixed 
gallery diameter) is greater for circular galleries, and therefore the transverse tensile 
strain generated by ply straightening will be higher. As a result, the applied tensile 
stress required to induce longitudinal splitting in specimens containing circular 
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galleries is lower than for elliptical galleries. For this reason, the strength decreases 
more rapidly with increasing gallery size for circular galleries. Since an accurately 
calibrated failure criterion for local splitting cracking under these stresses is 
unavailable, no attempt is made here to analyse the phenomena quantitatively, 
although finite element modelling was performed for a qualitative analysis.   
 
 
(a) 
 
(b) 
 
(c)  
Figure 3-11 Tensile failure modes of laminate specimens, (a) Ply rupture in a specimen without 
galleries, (b) ply rupture of a specimen containing 0.58 mm elliptical transverse galleries  and (c) ply 
rupture and longitudinal splitting cracks of a specimen containing 2.98 mm elliptical transverse 
galleries 
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Figure 3-12 Schematic of the process of longitudinal splitting in a tensile specimen containing a large 
transverse gallery 
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3.5.6 Finite Element Analysis of CVM composites 
Finite element models (FEM) were used to compare the response of laminates 
containing elliptical and circular galleries of varying spacing (3 – 5 mm) to applied 
longitudinal and transverse tensile loads. The FE models are used to predict the stress 
concentrations around galleries and the interaction of these stress concentrations 
between neighbouring galleries. The models were created in MSC PATRAN and 
loaded using MSC NASTRAN. Three-dimensional solid elements were used to model 
a cross-ply laminate, [0/90]s, with a single interlaminar gallery. A fine, triangular 
mesh was applied to the two 90o plies encapsulating the gallery and a coarser, 
rectangular mesh was used on the remaining 0/90 plies. A sample 3D image of a FE 
model of the laminate containing a 0.6 mm (width) elliptical gallery and a 0.6 mm 
(diameter) circular gallery are given in Figure 3-13. 3D orthotropic material properties 
were assigned to 32 individual plies in the 0o and 90o ply directions, as shown in 
Figure 3-14. The material properties used to create the model are given in Table 3-5 
and are based on the material data sheets of the unidirectional pre-preg tape used for 
manufacturing the test specimens.  
It is evident from Figure 3-14 that the plies are deflected by the interlaminar gallery 
by a magnitude that is in proportion to the gallery height. The plies directly above and 
below the gallery experience maximum deflection, whereas the deflection reduces 
gradually away from the gallery so that the plies furthest away from the gallery 
experience no deflection at all. The model does not account for the small 
perturbations often found on the surface of the specimens, which indicates that there 
is a certain degree of ply distortion at the surface of the laminate. For simplicity, the 
models contain a single gallery and are sized to a fraction of the real test specimens. A 
static tensile load was applied in the longitudinal and transverse direction. The applied 
load was determined from the average maximum applied stress of the static test 
results and adjusted accordingly for the corresponding loaded area. A static stress 
analysis was performed and the stress distribution around the gallery was recorded.  
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(a) 
 
 
(b) 
Figure 3-13 (a) FEM of specimen with 0.6 mm elliptical and (b) Cross-section of FEM with circular 
gallery (0.6 mm in diameter) 
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2.5 mm 
5 mm
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Figure 3-14 Laminate lay-up sequence [0/90]s in FEM (model contains 0.6 mm elliptical gallery) 
Table 3-5 Material properties used in FEM 
FEM Material Properties  
E11 150,760 MPa 
E22 7,930 MPa 
E33 7,930 MPa 
ν12 0.2525 
ν 23 0.3 
ν 31 0.01328 
G12 3,700 MPa 
G23 3,050 MPa 
G13 3,700 MPa 
ρ 1.57 g/cm3 
 
The stress concentration factor for a flat plate of infinite width (W∞) with a circular or 
elliptical hole can be calculated using the well-known relationship:   
b
aK 0.20.1 +=    (3-7) 
0o plies 
indicated in 
red 
90o plies 
indicated in 
white 
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where a is the ellipse height and b is the ellipse width (see Figure 3-15). For a circular 
hole: the ratio a/b = 1 and the stress concentration factor K = 3 for an isotropic 
material.  
The maximum stress at the hole edge in an isotropic material can be determined as the 
product of the stress concentration factor around the hole and the applied stress.  
( ) += 22max 21 baappliedσσ    (3-8) 
Table 3-6 defines the size and spacing parameters in the FE models investigated.  
Table 3-6 Matrix of changing parameters for FEM laminated plate with central hole  
Gallery Shape a 
 (mm) 
b 
(mm) 
W 
(mm) 
Circular 0.3 0.3 5 
Elliptical 0.3 0.2 5 
Elliptical 0.3 0.2 3 
The stress concentration around the gallery circumference (between points 1 and 2 in 
Figure 3-15) and between neighbouring galleries (between point 2 of gallery A and B 
in Figure 3-16) have been calculated using FEM to determine the influence of gallery 
shape and spacing. The two sets of nodes considered include one set around the 
circumference of the gallery and one set between neighbouring galleries, as shown in 
Figure 3-17. In order to determine the stress concentration at any one point, a FE 
model with no cavity was loaded, and the stress levels of that specimen were used to 
represent the far-field stress of the laminate for a given loading condition.  
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Figure 3-15 Stress concentration at edge of elliptical or circular gallery (a/b = 1 for a circular hole)  
 
 
Figure 3-16 Example of stress distribution between gallery edges 
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Figure 3-17 Sample FEM indicating selected nodes for comparison of stress concentration factors  
It must be noted that although the FE analysis considers the influence of elliptical 
holes on the stress concentration factor of a laminated plate, the CVM galleries under 
consideration are not perfect ellipses and therefore some discrepancy can be expected 
between the calculated and actual stress concentrations. Furthermore, the model is 
applicable to laminated composites containing in-plane holes. However, CVM 
galleries resemble interlaminar voids more than in-plane holes. The model is used to 
estimate the stress concentration factors since a comparable model for the stress 
concentration around voids is not available. 
3.5.6.1 FEA – Longitudinal CVM galleries 
In order to simulate the application of a tensile load acting on a specimen containing 
longitudinal galleries, a distributed load was applied along the x-y plane of the model, 
as shown in Figure 3-18 so that the load is applied parallel to the galleries. The load as 
applied to FE models containing circular galleries of diameter D = 0.6 mm and 
spacing ∼5 mm and elliptical galleries of gallery width 2a = 0.6 mm and with a 
spacing ranging from 1.5 mm to 5 mm.  
Nodes around gallery circumference  
Nodes between neighbouring galleries  
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Figure 3-18 Longitudinal load on FEM containing an elliptical gallery (a = 0.3 mm, W = 5 mm) 
The stress distribution around the galleries in the x-y plane under the applied loading 
is shown in Figure 3-19 (a-d).  All of the models display similar stress distribution 
patterns around the galleries with the highest stresses experienced by the gallery 
edges, as expected (see Figure 3-15). Since the model is made up of a series of 0o/90o 
layers, the model experiences transverse stresses between plies caused by a slight 
bending of the model around the y-axis. The interply stresses seem to be higher when 
the gallery spacing is larger because the larger model length causes more bending. 
When the gallery spacing is small however, as in the case of the 1.5 mm spacing, the 
interply stresses are lower since the model experiences less bending. These interply 
stresses cause the maximum stress experienced at the galleries to be near the top and 
bottom 0o/90o ply interface, rather than in along the 0o/0o ply interface in which the 
gallery is encapsulated. This suggests that failure of the specimen is likely to occur 
near the gallery edge and along the 0o/90o ply interface.  
Load 
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(c) 
 
(d) 
Figure 3-19 Stress distribution (MPa) in x-y direction of CVM galleries under longitudinal tension with 
varying cross-sectional shape and gallery spacing (a) circular/5mm (b) elliptical/5mm spacing (c) 
elliptical/3mm, and (d) elliptical/1.5mm 
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The stress distribution around and between galleries has been compared to the far-
field stress of each model and has been used to provide a localised stress 
concentration factor (SCF) in the x-y direction around the galleries (see Figure 3-20).  
The x-location axis in Figure 3-20 gives the node location along the x-axis as we 
move around the gallery and then follow a straight line of nodes to the edge of the 
model (see Figure 3-17).  The highest SCF is experienced by the circular gallery 
model. The similarly sized elliptical gallery experiences a 20% reduction in stress 
concentration at the gallery edge which can be attributed to lower interply stresses 
caused by lower ply bending. Since the stress concentration graphs take into account 
only the centre nodes between the gallery and the model edge they cannot show the 
high stresses experienced at the interply 0o/90o layer, above and below the mid-plane. 
Figure 3-20 indicates that gallery spacing is not a critical factor in the longitudinal 
tensile strength of the specimens. The maximum stress around the gallery decreases as 
the spacing is reduced, due to the reduced bending experienced by the model, making 
the interply stresses lower for the models with reduced gallery spacing. Due to the 
simplicity of the model it was not possible to alleviate bending and the consequent 
edge effects experienced by the model. Further model development would be required 
to make conclusive observations on the effects of gallery spacing.  
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Figure 3-20 Stress concentration factor in x-y direction of CVM galleries under longitudinal tension 
with varying cross-sectional shape and gallery spacing 
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3.5.6.2 FEA - Transverse CVM Galleries 
A transverse tensile load was applied by applying a distributed load along the y-z 
plane of the model, as seen in Figure 3-21, so that the load direction is perpendicular 
to the gallery direction. The load as applied to FE models containing circular galleries 
of diameter D = 0.6 mm and spacing ∼5 mm and elliptical galleries of gallery width 
2a = 0.6 mm and with a spacing ranging from 1.5 mm to 5 mm.   
 
 
Figure 3-21 Tensile load on FEM with a 0.6 mm elliptical gallery in the transverse direction  
The stress distribution around the galleries in the x-y plane under the applied loading 
is shown in Figure 3-22 (a-d). As in the stress distribution around the longitudinal 
galleries, the transverse galleries experience a high level of stress at the gallery edge 
near the 0o/90o ply interface. The model once again experiences high levels of stress 
between plies due to transverse stresses causing ply straightening. The highest stresses 
are experienced near the edge of load application. As the spacing reduces there are 
higher stresses around the gallery. Failure is therefore likely to occur at a gallery edge 
and near a 0o/90o ply interface closer to the load-application edge of the specimen.  
Load
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(d) 
Figure 3-22 Stress distribution (MPa) in x-y direction of CVM galleries under transverse tension with 
varying cross-sectional shape and gallery spacing (a) circular/5mm (b) elliptical/5mm spacing (c) 
elliptical/3mm, and (d) elliptical/1.5mm 
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The stress distribution around and between galleries has been compared to the far-
field stress of each model and has been used to provide a localised stress 
concentration factor (SCF) in the x-y direction around and between the galleries (see 
Figure 3-23). The highest level of stress concentration is experienced by the circular 
gallery. The circular gallery with 5 mm spacing has an 80% higher stress 
concentration factor than the similar-sized elliptical gallery with 5 mm spacing. This 
can be attributed to the high level of ply waviness caused by circular galleries 
compared to similar-sized elliptical galleries. The experimental results showed that 
the strength decreased more rapidly with increasing gallery size when the galleries 
were circular rather than elliptical because the ply waviness angle (for a fixed gallery 
diameter) is greater for circular galleries, and the transverse tensile strain generated by 
ply straightening is also higher. Gallery spacing seems to be critical when it is reduced 
to 1.5 mm but not as critical when it is changed from 3 to 5 mm, suggesting that there 
exists a critical gallery spacing below which we start to get edge effect interaction 
with the gallery, which increases the stresses at the gallery edge significantly.  
-1
0
1
2
3
4
5
6
7
0 0.5 1 1.5 2 2.5
x-location (mm)
SC
F 
(x
-y
)
Oval gallery 5mm spacing
Oval gallery 3mm spacing
Oval gallery 1.5mm spacing
Circular gallery 5mm spacing
 
Figure 3-23 Stress concentration factor in x-y direction of CVM galleries under transverse tension with 
varying cross-sectional shape and gallery spacing 
Chapter 3  Mechanical Performance      100 
 
3.5.6.3 Correlation with literature 
The effect of porosity on the tensile modulus and strength properties of polymer 
matrix laminates has been investigated, as described in chapter 2. Olivier et al. [38] 
considered the effect of void content from 0.3% to 10.3% on the tensile modulus and 
strength of two types of carbon/epoxy laminate, and found that a void content of 10% 
reduces the strength by ~12%. Liu et al. [45] found that the tensile strength of 
laminates can decrease by ~14% with increasing void content from 0.6% to 3.2%. 
Both studies attribute the reduction in strength to local fibre deformation (i.e. 
waviness, crimping) near voids which are sites for crack initiation leading to fibre 
failure. A comparison of the tensile strength results presented in the thesis and the 
results published in the above studies is presented in Figure 2-14. Although Olivier et 
al. and Liu et al. consider local fibre waviness as the main factor for strength 
reduction; neither study quantifies the degree of fibre waviness causing the loss in 
strength. The results for the transverse and longitudinal CVM galleries are plotted 
separately. Although there is good correlation between the results obtained from the 
longitudinal galleries and the published data, the transverse galleries cause a much 
larger reduction in the tensile strength.  
The longitudinal tensile modulus (E11) is relatively insensitive to changes in the void 
content (see Figure 3-25); and this is attributed to the high fibre volume fractions of 
the laminates (~63 - 72%) and small void size which limits the amount of fibre 
waviness. Huang and Talreja [37] developed a finite element model to predict the 
effect of elongated cylindrical voids (void width-height aspect ratio =  4) on the 
tensile modulus of carbon/epoxy laminates. They found that the relationship between 
void content and the reduction in the tensile modulus of laminates containing voids is 
linear, as shown in Figure 3-25. The reduction in tensile modulus caused by the 
longitudinal and transverse galleries correlates well with the experimental and FE 
results published in the literature for void contents below ∼4%. However, when the 
void content increases to about 4-6% the experimental results show a larger reduction 
in modulus than the reduction presented in the literature. This is attributed to the 
greater ply waviness caused by the large CVM galleries which cannot be captured by 
a quantitative evaluation of the void content. This work suggests that galleries behave 
as voids under conditions when the ply waviness is not very high (below ~ 4.8o for the 
results considered in this research). 
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Figure 3-24 Tensile strength vs. void content results 
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Figure 3-25 Tensile modulus vs. void content results 
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3.5.7 Tensile Fatigue Life of CVM composites 
Fatigue tensile tests were performed on the carbon/epoxy laminates containing CVM 
galleries. Fatigue specimens were manufactured to replicate the static tensile 
specimens (Table 3-4). The tests were performed using a 100 kN MTS machine 
operated with a constant amplitude sinusoidal tension-tension loading waveform at a 
load frequency of 5 Hz. Tests were performed at peak fatigue stress levels ranging 
from about 78% to 98% of the ultimate tensile strength. The loading amplitude, 
expressed in terms of the R-ratio, was 0.6 for all fatigue testing. The R-ratio is the 
minimum peak stress divided by the maximum peak stress (R = σmin / σmax). 
Specimens with galleries in the transverse direction were tested because, based on the 
static tensile test results, they experienced the largest loss to their tensile properties. 
The best and worst performing (i.e. the smallest and largest) galleries for each gallery 
shape were fatigue tested. Specimens were tested to failure and the number of cycles-
to-failure was recorded. In the event of a specimen reaching one million load cycles 
without failure the test was stopped and this value was used to determine the tensile 
fatigue limit stress of each laminate.  
Figure 3-26 shows the reduction to the tensile strength of the composite containing the 
CVM galleries after one million load cycles. The percentage reduction in fatigue 
strength is relatively constant for most types of specimens, ranging from 5% to 15%, 
with the exception of the 0.68 mm circular galleries which experienced a slightly 
larger reduction in fatigue strength of 22%. However, due to the inherent scatter in the 
fatigue life data of carbon/epoxy composites, the differences in the percentage 
reduction between specimens is not considered statistically significant. Based on the 
limited amount of data in Figure 3-26, it appears that the CVM galleries do not have 
an adverse effect on the tensile fatigue strength. However, these results are only a 
preliminary assessment of tensile fatigue performance, and further testing is required.  
The reduction to the tensile fatigue strength appears to be caused solely by the initial 
knock-down in static tensile strength, and the galleries do not degrade the strength 
further under fatigue loading. This appears to be the case regardless of the size or 
shape of the gallery. Furthermore, the failure mode of the specimens under tensile 
fatigue loading is the same as under a static tensile loading (see Figure 3-11), 
including ply rupture and longitudinal splitting, which further supports the assumption 
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that fatigue loading does not alter the failure mechanism. The limited amount of 
fatigue data collected in this research is suitable only for conducting a preliminary 
assessment of the tensile fatigue behaviour of CVM composites. More data is required 
in order to provide a conclusive analysis of the tensile fatigue failure mechanisms of 
CVM composites.  
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Figure 3-26 Reduction in compressive fatigue strength of specimens with transverse CVM galleries 
3.6 In-Plane Compression Properties of CVM Composites 
This section presents research examining the influence of CVM sensors on the 
compressive properties of carbon/epoxy laminates. The NASA Short Block test 
method was used to measure the compressive modulus and strength of the laminate 
without and with CVM galleries [108].  The specimen dimensions are given in Table 
3-7. The relatively high thickness-to-length ratio ensured global buckling of the 
specimen was suppressed. 
A compressive load was applied in the 0o fibre direction using a 250 kN MTS 
machine at a constant end-shortening rate of 0.5 mm/min until specimen failure (see 
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Figure 3-27). Five samples of each laminate type were tested in the longitudinal and 
transverse gallery orientations (see Figure 3-28). Each sample contained seven 
galleries, however for clarity only four galleries are shown in the schematic of Figure 
3-28.  
Table 3-7 NASA short block test specimen dimensions 
Dimension Measurement (mm) 
Length 50 
Gauge length 25 
Width  40 
Thickness  4 
 
Figure 3-27 Fractured NASA short block test specimen 
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        (a)    (b) 
Figure 3-28 Schematic of NASA short block specimens with (a) transverse and (b) longitudinal 
galleries 
3.6.1 Compressive Modulus of CVM Composites  
Figure 3-29 shows the effects of the shape, diameter and orientation of galleries on the 
compressive modulus. Within the range of experimental scatter, the modulus of the 
laminate containing circular or elliptical galleries is the same (for a fixed gallery size 
and orientation). This suggests that the gallery shape does not have a significant affect 
on the compressive modulus. The modulus is, however, dependent on the gallery 
diameter above a critical size. The modulus values do not change until the gallery size 
approaches 1 mm, above which the stiffness is reduced. This trend is observed for 
both gallery orientations, although the loss in modulus is much greater with the 
transverse galleries. A maximum ~15% reduction was experienced by laminates with 
longitudinal galleries compared to a maximum ~24% reduction for laminates with 
transverse galleries.   
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(b) 
Figure 3-29 Effect of gallery shape and diameter on the compressive modulus of the laminate 
containing galleries in the (a) longitudinal and (b) transverse directions 
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The reduction to the compressive modulus is attributed to three factors: reduction in 
load-bearing area due to the open-hole design of the galleries; reduction in the fibre 
volume content caused by bulging; and distortion of the load-bearing (0o) plies around 
the galleries. These are the same three factors that affected the tensile modulus. The 
compressive modulus of laminates containing galleries is calculated by combining the 
influence of the three factors using the equations developed in section 3.5.2 (equations 
3-1 to 3-4) for calculating the tensile modulus and adapting the relationships for 
calculating the compressive modulus (equations 3-6 to 3-9). 
Load-bearing area  
o
g
coc A
A
EE ≈                              (3-9) 
where Eco is the compressive modulus of the laminate without galleries, and Ao and Ag 
are the load-bearing areas of the specimens without and with galleries, respectively.   
Laminate bulging  
o
g
coc t
t
EE ≈                             (3-10) 
where to and tg are the thickness of the laminate without and with galleries, 
respectively.   
Fibre waviness  )()()0( θθ fffcoc
VEVEE o +≈                       (3-11) 
where 
)0( ofV and )(θfV are the volume fractions of the composite that contains load-
bearing (0o) plies that have not or have been distorted by the galleries, respectively, 
and: 
1
2212
12
44
)( cossin)
21(sincos
−


 −++= θθυθθθ
tototo
f EGEE
E             (3-12) 
where G12 and ν12 are the in-plane shear modulus and Poisson’s ratio, respectively. 
The calculated reduction to the compressive modulus is plotted against the gallery 
diameter in Figure 3-29. Similar to the tensile modulus, there is reasonable agreement 
between the calculated and measured modulus values for the laminates containing 
longitudinal galleries, indicating that the analytical relationship can be used to predict 
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the effect of gallery shape, size and orientation on the compressive modulus of 
laminates containing longitudinal galleries. There is no appreciable difference in the 
elastic moduli of laminates containing circular and elliptical galleries (for a fixed 
gallery size and orientation) because the gallery shape does not have a large influence 
on the stiffness. Laminates containing longitudinal galleries do not experience 
significant changes in their elastic properties with increasing gallery diameter up to 
about ∼0.8 mm, and there is no significant difference between the elastic modulus of 
circular and elliptical galleries. However, the model predicts a considerably larger 
reduction in the compressive modulus (~42% reduction in stiffness) in laminates 
containing transverse galleries because these galleries cause distortion of the load-
bearing plies away from the load direction. Once again, the model overestimates the 
degree of stiffness reduction for laminates containing galleries larger than ∼0.32 mm 
for circular galleries and 0.58 mm for elliptical galleries due to the overestimation of 
the ply waviness around the galleries.  
3.6.2 Compressive Strength of CVM Composites 
The effect of longitudinal and transverse CVM galleries on the compressive strength 
of the laminate is shown in Figure 3-30. Similar to the tensile strength results, it is 
evident that the effect of the gallery shape and size on the compressive strength is 
dependent on the orientation of the galleries. Longitudinal galleries cause a smaller 
reduction in compressive strength than transverse galleries (~9% and ~56% maximum 
reduction respectively). Furthermore, the compressive strength is not sensitive to 
gallery shape in the longitudinal direction, whereas the strength decreases more 
rapidly with circular galleries in the transverse direction at a gallery size between ∼0.2 
mm and ∼0.3 mm.  
Chapter 3  Mechanical Performance      109 
 
0
100
200
300
400
500
600
0.0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3.0
Gallery size (mm)
C
om
pr
es
si
ve
 S
tr
en
gt
h 
(M
Pa
)  
Analytical - Elliptical
Experimental -  Elliptical
Analytical - Circular
Experimental - Circular
 
(a) 
0
100
200
300
400
500
600
700
0.0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3.0
Gallery size (mm)
C
om
pr
es
si
ve
 S
tre
ng
th
 (M
Pa
) 
Analytical - Elliptical
Experimental - Elliptical
Analytical - Circular
Experimental - Circular
 
(b) 
Figure 3-30 Effect of gallery shape and diameter on the compressive strength of the laminate 
containing galleries in the (a) longitudinal and (b) transverse directions 
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3.6.2.1 Effect of longitudinal CVM galleries on strength & failure mechanisms 
Post-mortem examination of failed compressive specimens containing longitudinal 
galleries revealed that the failure mechanism was not affected by the shape or size of 
these galleries. The failure mode of the specimens with the longitudinal galleries was 
identical to the laminate without galleries, which involved microbuckling and kinking 
of the load-bearing plies. Compressive failure by ply kinking was catastrophic in 
specimens with or without parallel galleries, and so it was not possible to observe the 
failure processes during testing. However, the observation that the failure mechanism 
was not changed by the presence of parallel galleries implies that they are not 
controlling the failure event.  
The simplified analytical model used to calculate the small reductions in compressive 
strength caused by longitudinal galleries is based on the model developed for 
predicting the influence of longitudinal galleries on the tensile strength (see section 
3.5.3). The two main changes caused by longitudinal galleries are reduced fibre 
content due to bulging and reduced load-bearing area, and can be expressed using the 
following relationships which are identical to equations 3-6 and 3-7: 
Load-bearing area   
o
g
coc A
Aσσ ≈                                (3-13) 
where σco is the compressive strength of the laminate without galleries, and   
Laminate bulging   
o
g
coc t
tσσ ≈                                      (3-14) 
The calculated reduction in strength for laminates containing circular and elliptical 
galleries in the longitudinal direction are plotted in Figure 3-30a. There is reasonable 
correlation between the experimental results and the analytical relationship, 
suggesting that the model can be used to approximate the reduction in compressive 
strength due to changes in the shape and size of longitudinal galleries.   
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3.6.2.2 Effect of transverse CVM galleries on strength & failure mechanisms 
Figure 3-30 shows that large reductions to the compressive strength occurred when 
galleries were placed normal to the load direction, particularly for the largest gallery 
diameter (~56% reduction). The reduction can be attributed in part to reduced load-
bearing area and increased bulging, which are the changes to the microstructure 
responsible for the loss in compressive strength of the laminate containing 
longitudinal galleries.  However, the large difference between the strength for the 
laminates containing longitudinal and transverse galleries suggests that waviness of 
the load-bearing plies, which only occurs with transverse galleries, is significant in 
controlling strength. 
The compression specimens with and without transverse galleries showed the same 
failure mechanism, that involved microbuckling and kinking of the load-bearing plies. 
Kinking almost certainly initiated at the edge of the open-hole galleries where the 
stress concentration is highest. Also, compressive failure should initiate near the 
gallery/ply interface because the ply waviness angle is greatest at this location. The 
kink band would then propagate unstably across the load-bearing section of the 
specimen resulting in complete fracture. Budiansky and Fleck [64] developed a model 
relating the compressive kinking stress of a unidirectional laminate to the 
misalignment angle (θ) between the fibres and load direction. Compressive strength is 
dependent on the misalignment angle by the relationship: 
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−
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

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γθ
σ            (3-15) 
where n is the strain hardening exponent ( )n ∞<<1 and yγ  is the shear yield strain of 
the laminate. This equation shows that the compressive strength decreases rapidly 
with increasing ply waviness. The measured reduction in the compressive strength 
with increasing size of the normal galleries shown in Figure 3-30b is partly due to 
increasing ply waviness. The data also shows that the compressive strength decreases 
more rapidly for the circular galleries, and this is because these galleries caused 
greater ply waviness than elliptical galleries (for a fixed size) which causes a larger 
reduction to the ply kinking stress.   
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It is assumed with Equation 3-12 that all the fibres are misaligned by the same angle 
(θ), although in the compression specimens the plies are only misaligned in a local 
region close to the galleries. Fleck and Shu [109] have developed a finite element 
model that uses Equation 3-15 to calculate the compressive strength of laminates 
containing discrete regions of local ply waviness, and this modelling approach should 
be applicable to the laminates containing galleries in the normal direction.   
3.6.3 Compressive Fatigue Life of CVM Composites 
Fatigue compressive tests were performed on the carbon/epoxy laminates containing 
CVM galleries. Fatigue specimens were manufactured to replicate the static 
compressive specimens (see Table 3-7). The tests were performed using a 250 kN 
MTS machine operated at a constant amplitude sinusoidal compression-compression 
loading waveform at a load frequency of 5 Hz. Tests were performed at peak fatigue 
stress levels ranging from 75% to 95% of the ultimate compressive strength. The R-
ratio (loading amplitude) was 0.6 for all tests (R = σmin / σmax). Specimens with 
galleries in the transverse direction were tested because, based on the static 
compression test results, they experience the largest loss to their compressive 
properties. 
The best and worst performing (i.e. the smallest and largest) galleries for each gallery 
shape were fatigue tested. Specimens were tested to failure and the number of cycles-
to-failure was recorded. In the event of a specimen reaching one million load cycles 
without failure the test was stopped and this was used to determine the compression 
fatigue limit stress of the laminate.  
Figure 3-31 shows the reduction to the compressive strength of the composite 
containing the CVM galleries after one million load cycles. The percentage reduction 
in fatigue strength is about the same value, 20% - 25%, for the different types of 
specimens. Due to the inherent scatter in the fatigue life data of carbon/epoxy 
composites, the small differences in the percentage reduction between specimens is 
not considered statistically significant. 
Based on the limited amount of data in Figure 3-31, it appears that the CVM galleries 
do not have an adverse effect on the compressive fatigue strength. The reduction to 
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the fatigue strength appears to be caused solely by the initial knock-down in static 
compression strength, and the galleries do not degrade the strength further under 
fatigue loading. This appears to be the case regardless of the size or shape of the 
gallery. Similar to the tensile fatigue strength, the limited amount of fatigue data 
facilitates a preliminary assessment of the compression fatigue performance of CVM 
composites.  Further testing is required for a conclusive analysis of compression 
fatigue failure mechanisms.  
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Figure 3-31 Reduction in compressive fatigue strength of specimens with transverse CVM galleries    
3.7 Interlaminar Shear Strength (ILSS) 
Interlaminar shear failure is a critical failure mode of polymer laminates and must be 
investigated, especially since previous research has demonstrated that the shear 
strength is sensitive to the presence of interlaminar voids and cavities [40, 41, 85, 87, 
88, 95].  
The short beam shear test was used to investigate the effect of CVM galleries on the 
apparent interlaminar shear strength (ILSS) of the carbon/epoxy laminate. The test 
Chapter 3  Mechanical Performance      114 
 
was conducted in accordance with ASTM D2344 [79]. A support span-to-thickness 
ratio of 4-to-1 was used, and the specimens were loaded using a 50 kN Instron 
machine at a constant rate of 1.3 mm/min. The galleries in the laminates were aligned 
normal to the direction of interlaminar shear cracking, as shown schematically in 
Figure 3-32. 
 
(a) 
Figure 3-32 Short beam shear test specimen 
The apparent shear strength (τ) was calculated from the classical beam relationship:  
 
wt
P
4
3=τ      (3-16) 
where P is the maximum applied load, w is the specimen width and t is the specimen 
thickness.  
The effect of increasing gallery size and spacing on the ILSS is shown in Figure 3-33. 
For both types of galleries there is a linear reduction in the ILSS with increasing 
gallery size.  
P 
R R w = 8 mm
L = 16 mm 
t = 4 mm 
l = 24 mm 
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(b) 
Figure 3-33 (a) ILSS vs. gallery size, and (b) ILSS vs. gallery spacing 
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From Figure 3-33 it is apparent that by increasing the size and/or density of the 
galleries the ILSS of the laminate is reduced. Assuming that the reduction is due 
solely to the reduction in the load-bearing area along the mid-plane due to the 
galleries, then the ILSS (τ) can be related to the diameter (2r) and number (ng) of the 
galleries by the simple expression: 



 −≈≈
wL
rwnwL
A
A g
o
o
g
o
2τττ    (3-17) 
where τo is the ILSS of the laminate without galleries and L is the span of the beam 
(i.e. distance between supports). The curves in Figure 3-34 are calculated using this 
equation, and the agreement with the experimental data is good. This suggests that the 
reduction in ILSS is due to the galleries reducing the mid-plane area carrying the 
applied interlaminar shear stress. A number of analytical models have been devised 
for calculating the reduction in ILSS with increasing void content. Greszczuk [91] 
developed analytical expressions to determine the shear strength (τv) of  composites 
containing spherical or cylindrical voids: 
Spherical voids: ( )[ ] 3216785.01 fvov VV −−= πττ   (3-18) 
Cylindrical voids: ( )[ ] 21141 fvov VV −−= πττ    (3-19) 
where τo is the shear strength of the void-free composite, Vv is the void content and Vf 
is the fibre volume fraction. Wisnom et al. [88] developed an analytical expression 
relating the reduction in ILSS to the change in the net section area of the short beam 
specimen and the laminate void volume content: 
214
1 

−= π
vg V
A
A
   (3-20) 
where Ag is the net section of the laminate with galleries, A is the original area of the 
laminate with no galleries and Vv is the void volume fraction. The relationship by 
Wisnom et al. [88] was adapted from the void volume fraction analysis of Greszczuk 
[91]; however in this case the material is considered homogenous and the fibres and 
matrix are not treated as separate entities, so that the fibre volume fraction does not 
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appear in the equation. This is reasonable only when the voids are large compared to 
the dimensions of the fibres, as in this case. The expected strength based on the net 
section reduction can be calculated by the product of the control specimen shear 
strength and the factor given by Equation 3-17. 
 
Figure 3-35 shows the correlation between the analytical expressions and the 
experimental results obtained for CVM galleries. The ILSS of the composite 
containing CVM galleries (τ) is normalised to the ILSS of the materials without 
galleries (τo). The equivalent void volume is defined as the percentage ratio of 
material volume occupied by the CVM galleries or voids in comparison to the total 
laminate volume. It is clear that Greszczuk’s relationship between the reduction in 
ILSS and increasing void content for cylindrical voids provides a good prediction for 
the reduction in ILSS caused by an increase in the size and/or density of CVM 
galleries, which are inherently more cylindrical than spherical in shape.    
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           (b) 
Figure 3-34 ILSS vs. Area reduction due to (a) elliptical and (b) circular galleries  
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Figure 3-35 Normalised ILSS vs. void volume – comparison of experimental results with analytical 
models by Wisnom et al. [88, 91] and Greszczuk [88, 91] 
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3.7.1 FEA of Interlaminar Shear Stress (ILSS) of CVM composites 
Finite element modelling was performed in order to analyse the internal strain 
condition of the composites containing CVM galleries when subjected to in-plane 
interlaminar shear loading. The approach to the FEA was similar to that described 
earlier for tensile loading. A shear stress was applied via two opposing edge loads 
along the x-z plane acting on the top left and bottom right edges of the model, as 
shown in Figure 3-36. The load was applied to FE models containing circular galleries 
of diameter D = 0.6 mm and spacing ∼5 mm and elliptical galleries of gallery width 
2a = 0.6 mm and with a spacing ranging from 1.5 mm to 5 mm.   
 
 
 
Figure 3-36 Shear load applied to FEM containing an elliptical gallery (a = 0.3 mm, W = 5 mm)  
The stress distribution around the galleries in the x-y plane under the applied shear 
loading is shown in Figure 3-37 (a-d). The maximum shear stress acting on the model 
containing a circular gallery is along the 0o/90o ply interface indicating that failure is 
Shear Load 
Shear Load 
Chapter 3  Mechanical Performance      120 
 
likely to initiate at the interply layer. The models containing elliptical galleries 
experience a maximum stress at the gallery edge indicating that failure is more likely 
to initiate at or near the edge of elliptical galleries.   
 
(a) 
 
(b) 
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(c) 
 
(d) 
Figure 3-37  Stress distribution (MPa)  in x-y direction of CVM galleries under a shear load  with 
varying cross-sectional shape and gallery spacing (a) circular/5mm (b) elliptical/ 5mm spacing (c) 
elliptical/3mm, and (d) elliptical/1.5mm 
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The stress distribution around and between galleries has been compared to the far-
field stress of each model, and has been used to provide a localised stress 
concentration factor (SCF) in the x-y direction around and between the galleries (see 
Figure 3-38). The highest level of stress concentration near the gallery edge is 
experienced by the elliptical gallery with the smallest (1.5 mm) spacing. The circular 
and elliptical galleries with 5 mm and 3 mm spacing experience similar levels of 
maximum stress concentration indicating that gallery shape is not critical when the 
gallery spacing increases above a critical value. The two peaks visible in Figure 3-38, 
is due to the SCF changing as we move from one edge of the gallery to the other. The 
SCF is maximum at the gallery edge and drops significantly across the top, flat 
surface of the gallery. The effect is much less noticeable for the circular galleries due 
to the even, circular gallery cross-section. 
The stress concentration curves in Figure 3-38, however, fail to capture the high stress 
levels at the 0o/90o ply interface above and below the galleries (see Figure 3-37). The 
circular gallery causes the highest level of stress at the ply interface. This is due to the 
large ply deflection caused by the circular gallery in comparison to similarly-sized 
elliptical galleries. It is likely that specimen fracture initiates at the 0o/90o ply 
interface, above or below the gallery, rather than at the gallery edge, as would be the 
case for an isotropic material. 
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Figure 3-38 Stress concentration factor in the x-y direction of CVM galleries under a shear load with 
varying cross-sectional shape and gallery spacing 
3.8 Through-Thickness Tensile Strength of CVM Composites 
This section evaluates the effect of CVM galleries on the laminate resistance to 
delamination as a result of the application of through-thickness tensile stresses. A 
specimen geometry known as the cruciform (or single-cross specimen) was used by 
Gundel et al. and Majumdar et al. (see Figure 3-39) for testing the through-thickness 
tensile strength of CFRP laminates [110-112] and by Baynham et al. for testing GFRP 
laminates [113]. The normal stress at the interface of the cruciform specimen is 
maximum at the centre (point “C”); and by using a slender specimen geometry the 
stress remains fairly constant over most of the width. The normal interface separation 
is expected to initiate in the highly stressed region (region A-B in Figure 3-39). The 
stress at the centre of the cross, which is the interface tensile stress at debonding, can 
be evaluated using an Airy stress function approach for a fibreless cruciform 
specimen:  
resK σσσ +=1     (3-21) 
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where, σ1 is the local interface stress at debonding at θ = 0o, σ is the far-field applied 
stress at which the knee occurs in the stress-strain curve, σres is the residual stress at 
the interface that results from thermal mismatch, and K is a stress-concentration factor 
that results from modulus mismatch.  
 
Figure 3-39 Cruciform specimen geometry and stress distribution [112] 
The cruciform specimen configuration was used to measure the through-thickness 
tensile strength of laminates with and without CVM galleries. Laminates were cut into 
square blocks measuring 40 × 40 mm and 4 mm in thickness, and then bonded to steel 
grips using an epoxy adhesive (EC 2216). A through-thickness tensile load was 
applied using an Instron testing machine at a constant loading rate of 0.5 mm/min. 
Galleries were located along the mid-plane of the through-thickness specimens, as 
shown in Figure 3-40. The effect of introducing a second layer of galleries to the 
laminate for the monitoring of through-thickness cracks was also investigated by 
creating a number of specimens containing two rows of 0.58 or 0.86 mm elliptical 
galleries at two ply interfaces (see Figure 3-40b). 
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.  
              (a)                  (b) 
Figure 3-40 Through-thickness tensile specimens with (a) single and (b) double row of galleries 
The effect of gallery size and shape for specimens containing one and two rows of 
galleries can be seen in Figure 3-41. It is clear from the data that increasing the gallery 
size up to approximately 1 mm in width for elliptical galleries and ∼0.7 mm in 
diameter for circular galleries does not have an adverse effect on the through-
thickness tensile strength of the laminate. Furthermore, fracture for laminates 
containing galleries did not occur at the gallery interface, as anticipated. Instead, 
fracture was confined to a single ply interface near the surface of the specimen, as in 
the case for laminates without galleries. Specimens containing the largest galleries 
(2.98 mm) showed a small reduction in the average through-thickness strength (~7% 
reduction), and failed by fracture along the gallery interface, indicating that large 
galleries can act as areas of high stress concentration. Adding a second row of 
galleries reduced the through-thickness tensile strength of the laminate by up to 
~19%.  
Load Load 
Load Load 
Interlaminar 
galleries 
Laminate 
bonded to 
grips
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Figure 3-41 Through-thickness tensile strength versus gallery size for a single and double row of 
galleries  
In order to predict the effect of galleries on the through-thickness tensile strength (σTT) 
of the specimens, the reduction in the load-bearing area and the void volume content 
of the specimens due to the presence of the galleries was considered using the 
following relationships: 
Area Reduction:  
o
g
TToTT A
Aσσ ≈     (3-22) 
Void Volume Fraction: 
o
g
TToTT V
Vσσ ≈     (3-23) 
where, σTTo is the through-thickness tensile strength of the laminate with no galleries, 
Ag and Ao are the cross-sectional areas of laminates with and without galleries 
respectively, and Vg / Vo defines the volume ratio of the laminate occupied by the 
galleries. 
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The reduction in through-thickness tensile strength due to a decrease in the load-
bearing area and an increase in the void volume fraction are presented in Figure 3-42 
and Figure 3-43, respectively. Both analytical relationships overestimate the reduction 
in strength, although the void volume analysis gives the best correlation between 
experimental and predicted results. 
Figure 3-43 also presents the experimental results published by Olivier et al. [38] for 
the reduction in the through-thickness tensile strength of unidirectional laminates with 
increasing void content. Olivier et al. found that the through-thickness tensile 
properties are sensitive to the laminate void content; for instance a ~10% void content 
caused a ~20% reduction in strength. The voids investigated by Olivier et al. were 
elliptical in shape with a width-height aspect ratio of ~3.3 and were distributed 
through the laminate thickness. 
The experimental results presented in the thesis, however, indicate no significant 
reduction in strength as a result of the CVM galleries. Inserting a single row of CVM 
galleries and maintaining a gallery size below a critical value (in this case ~ 1 mm in 
diameter), then failure is not induced along the plane of the galleries, but remains 
along a single ply interface, as is the case for laminates without galleries. A possible 
explanation for this phenomenon could be the high mismatch in material stiffness 
between the laminate (E ≈ 8 GPa) and the steel grips (E ≈ 210 GPa) which can induce 
a high stress concentration near the laminate-grip interface, thereby resulting in 
delamination near the interface. Assuming that the high stiffness mismatch is having 
an affect on the test results, it may reasonable to conclude that this test method may 
not be ideal for testing the through-thickness tensile strength of laminates with CVM 
galleries.  
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Figure 3-42 Through-thickness tensile strength versus load-bearing area reduction due to galleries  
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Figure 3-43 Through thickness tensile strength versus void content – comparison with literature  
Chapter 3  Mechanical Performance      129 
 
3.8.1 FEA of through-thickness tensile loading 
A through-thickness tensile load was applied to the FE model along the x-z plane, as 
shown in Figure 3-44. The load was applied to FE models containing circular galleries 
of diameter D = 0.6 mm and spacing ∼5 mm and elliptical galleries of gallery width 
2a = 0.6 mm and with a spacing ranging from 1.5 mm to 5 mm.   
 
 
Figure 3-44 Through-thickness load applied to FEM containing an elliptical gallery with a length of 
0.3 mm and a spacing of 5 mm  
The stress distribution in the x-y plane under the applied through-thickness tensile 
loading is shown in Figure 3-45 (a-d).  The stress is a maximum at the gallery edge 
and is reduced gradually until it reaches the far-field stress away from the gallery. 
Failure is likely to initiate at the point of maximum stress, at the gallery edge.  
Through – thickness Load 
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(a) 
 
(b) 
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(c) 
 
(d) 
Figure 3-45 Stress distribution (MPa) in x-y direction of CVM galleries under a through-thickness 
tensile load  with varying cross-sectional shape and gallery spacing (a) circular/5mm (b) 
elliptical/5mm spacing (c) elliptical/3mm, and (d) elliptical/1.5mm 
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The stress concentration factor (SCF) in the x-y direction at the gallery edge and 
between galleries is plotted in Figure 3-46. The maximum stress concentration factor 
occurs at the gallery edge and decreases at a distance away from the gallery to a value 
of 1 (stress level is equal to the far-field stress away from the gallery edge). The 
highest stress concentration factor is experienced by the elliptical gallery with 3 mm 
spacing; however, the maximum SCF does not change considerably with varying 
gallery spacing. As the gallery spacing reduces to 1.5 mm, the SCF away from the 
gallery is higher (∼2.5) indicating that the stress away from the gallery is 2.5 times 
higher than the far-field stress. The elliptical galleries experience a higher SCF at the 
gallery edge than the circular gallery, which is expected for a ratio a/b > 1. In general, 
the SCF increases with increasing ellipticity, however according to the experimental 
results there is no significant difference in the through-thickness tensile strength of a 
laminate containing similar-sized circular or elliptical galleries.   
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Figure 3-46 Stress concentration factor in the x-y direction of CVM galleries under a through-
thickness tensile load with varying cross-sectional shape and gallery spacing 
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3.8.2 Correlation with literature 
Tan [114] derived a closed form solution for SCFs of orthotropic laminates containing 
a central circular or elliptical hole under uniaxial loading. The SFC of a finite width 
laminate is expressed as a function of the SFC for an orthotropic plate under uniaxial 
tension with infinite width (K∞), expressed in terms of the in-plane moduli (Ex and Ey) 
of the material, the shear modulus (G) and the material Poisson’s ratio (ν):  



 +−==∞
G
E
E
E
K y
x
y
2
21 ν    (3-24) 
For a circular hole (a/b = 1) the stress concentration factor in an orthotropic plate can 
be calculated using the following expression:  
( )
( ) ( ) 


 

−−

+−+
−= ∞
∞ 26
3
2132
2
1
/212
/213 M
W
aKM
W
a
wa
wa
K
K  (3-25) 
where M is a magnification factor and is a function of 2a/W expressed by the 
relationship:  
( )
( )
( )2
3
/22
11
/212
/21381
Wa
Wa
Wa
M
−

 −−+
−−
=    (3-26) 
For a crack (a/b = ∞ or b/a = 0), the SCF is reduced to:  
 ( )2/21 Wa
K
K −=
∞
                       (3-27) 
Tan found that when a/b ≥ 5 the values of the finite width stress concentration factor 
are the same as that for a crack [114]. It is therefore reasonable to assume that the 
stress concentration factor of a finite width laminate with a central cavity 1 ≤ a/b ≥ 5 
will lie somewhere between the two curves generated by equations 3-25 and 3-27. 
Tan also concluded that for finite width plates with elliptical cavities (a/b > 1) and a 
major diameter to width ratio of 2a/W < 1/3, the stress concentration of most 
orthotropic laminates can be estimated by using the Heywood [114] formula for stress 
Chapter 3  Mechanical Performance      134 
 
concentrations of isotropic plates.  For an isotropic plate with a central hole the stress 
concentration factor can be calculated using the following relationship [114]:  
 ( )( )3/212
/213
Wa
Wa
K
K
−+
−=
∞
           (3-28) 
Applying the laminate properties of the FEM used in this analysis to equation 3-24, 
the stress concentration factor for an infinitely wide plate has been calculated (K∞  ~ 
2.45). Equations 3-25, 2-37 and 3-28 have been applied and curves of the SCF with a 
varying 2a/W ratio have been established for an orthotropic plate with a circular hole, 
an orthotropic plate with a central crack, and an isotropic plate with a central elliptical 
hole. The SCF values at the gallery edges obtained from the FEM SCF in the y-
direction (the direction of load application) are plotted in Figure 3-47 and compared to 
the analytical curves obtained from the above relationships.  
The galleries used in the FE analysis had a major diameter to minor diameter ratio of 
1 ≤ a/b ≤ 3 and a major diameter to width ratio of 0.12 ≤ 2a/W ≤ 0.4. Figure 3-47 
indicates that the relationship for an orthotropic plate with a circular hole and an 
isotropic plate with an elliptical hole give the best predictions for the SCF of a 
laminated plate with interlaminar galleries under a through-thickness tensile load. For 
a given major diameter-to-width ratio (2a/W = 0.12) the circular gallery seems to 
experience a slightly lower SCF than the elliptical gallery, however according to the 
analytical curves in Figure 3-47, the difference in SCF between circular and elliptical 
galleries is not significant for 2a/W ≤ ∼1.5. In general, the FE results and the 
analytical curves indicate that the SCF of a laminate containing interlaminar galleries 
can be reduced by decreasing the gallery ellipticity (i.e. reducing the a/b ratio). For a 
fixed galley size and shape, the SCF can be reduced by increasing the gallery spacing 
(i.e. reducing the 2a/W ratio).  
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Figure 3-47 The SCFs for orthotropic glass/epoxy (T300/5208) laminates containing an elliptical hole 
compared to the SCFs obtained by FEM for the laminate used in this research    
3.9 Conclusion 
The inclusion of open-hole galleries into polymer laminates for structural health 
monitoring can degrade their tensile, compressive and interlaminar shear properties. 
Galleries alter the microstructure of the laminate by reducing the fibre volume content 
due to bulging, reducing the load-bearing area, and increasing ply waviness; and these 
changes adversely affect the mechanical properties. The tensile and compressive 
moduli are reduced by galleries, with the loss increasing with the gallery diameter 
above a critical size. The reduction in the elastic properties is more severe when 
galleries are aligned in the normal direction, and this is because of increased waviness 
of the load-bearing plies which does not occur when galleries are in the parallel 
direction. A simplified analytical model is proposed for estimating the elastic moduli 
of laminates containing galleries. The model considers the effects of bulging, reduced 
load-bearing area and ply waviness on the elastic moduli. The model proposed in this 
thesis can be used to estimate the elastic moduli for any shape, size and orientation of 
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galleries, and is available for designers when considering the inclusion of galleries in 
composite structures.  
The tensile and compressive strengths also decreased due to the inclusion of galleries.  
As with the elastic properties, the strengths are reduced slightly when galleries are 
aligned parallel to the load direction. The modest losses in strength are due to reduced 
fibre volume fraction caused by bulging and reduced load-bearing area. A model 
considering these effects can be used to approximate the tensile and compressive 
strengths of laminates with parallel galleries. The strength properties are more 
severely degraded when galleries are used in the normal direction. The increased 
waviness of the load-bearing plies caused by normal galleries induces longitudinal 
splitting under tensile loading that lowers the failure strength.  Increased ply waviness 
due to the normal galleries also decreases the compressive stress needed to induce 
microbuckling and kinking.  For this reason, the use of large galleries placed normal 
to the load direction in composite aircraft structures should be avoided, and better 
structural performance is achieved with parallel galleries.  
Based on the property data, observations of failure mechanisms and modeling, it 
appears that minimizing bulging, ply waviness, and loss in load-bearing area is critical 
to maintaining the mechanical properties of laminates containing galleries. This is 
achieved by increasing the aspect ratio of the galleries so they are elongated in the 
load direction, reducing the gallery diameter, and increasing the gallery spacing. 
However, increasing the gallery aspect ratio may reduce the delamination fracture 
toughness and impact damage resistance because of the increased stress concentration 
at the gallery edge, which is studied in the next chapter. Increasing the gallery spacing 
will have the adverse effect of lowering the resolution of the CVM system for 
detecting damage.  
The apparent interlaminar shear strength is reduced by CVM galleries. The shear 
strength decreases at a linear rate with increasing size or number density of the 
galleries. The loss in shear strength is attributed to the reduced load-bearing area due 
to the galleries, which increases the shear stress acting on the interply layer. The 
through-thickness tensile strength is not severely affected by the presence of 
interlaminar galleries, when the galleries are below ~1 mm in diameter and when 
there is a single row of galleries along the laminate thickness. This is reinforced by 
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the FEM results which indicate minimal interaction between the stress concentrations 
around interlaminar holes of 0.6 mm diameter and with 3 - 5 mm spacing. By varying 
the spacing of galleries in the FE model, it was noted that the stress concentrations 
around galleries spaced 5 mm apart do not interact with their neighbouring galleries 
and hence can be considered as localised stress concentrations (i.e. not having a 
cumulative effect on the stress concentration at the interply layer). These localised 
stress concentrations are not high enough to cause delamination along the plane of 
galleries under a through-thickness tensile load and hence the laminate failure does 
not occur along the ply interface containing galleries.  
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Chapter 4 
 
Damage Tolerance and Fracture 
Toughness of Composites with CVM 
Sensors 
4 Damage Tolerance of Composites with CVM sensors 
4.1 Summary 
The effect of CVM galleries of varying sizes on the mode I and mode II interlaminar 
fracture toughness of carbon/epoxy laminates is investigated in this chapter. It was 
found that both elliptical and circular galleries improved the local mode I 
delamination toughness of the material through a crack-tip blunting mechanism. The 
mode I delamination resistance increased with the gallery size. However, galleries 
larger than a critical size caused unstable crack propagation, which is undesirable in 
aircraft structures. On the contrary, the mode II interlaminar fracture toughness 
decreased with increasing gallery size, with no observable blunting of the 
delamination since crack propagation occurred around (and not through) the galleries. 
This chapter also shows that the low-impact damage resistance of laminates 
containing galleries is not significantly affected by the presence of galleries below a 
critical size. However, relatively large galleries reduce the spread of delamination 
damage caused by impact loading. The improved mode I delamination toughness due 
to crack-tip blunting appeared to reduce the length of impact damage in the direction 
normal to the galleries. This study has shown that CVM galleries do not inhibit the 
mode I delamination toughness and impact resistance of the carbon/epoxy 
unidirectional prepreg laminate used in this research. However, they did cause a 
modest reduction in mode II delamination toughness. While it is likely that similar 
effects occur in other types of carbon/epoxy laminates, this must be determined by 
testing.  
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4.2 Interlaminar Fracture Toughness 
Delamination or interlaminar fracture is one of the most common modes of damage in 
composite structures. Delamination propagation can cause the stiffness degradation 
and ultimately lead to the catastrophic failure of composite structures under 
compressive or flexural loading, if left undetected [115]. In an aircraft structure, a 
delamination is often subjected to mixed-mode loading due to the geometry, external 
loading and/or laminate lay-up that can promote interlaminar normal or shear stresses 
[116]. The most common modes of interlaminar fracture experienced by aircraft 
structures are mode I (normal tensile stress), mode II (interlaminar shear stress) and 
combinations of the two (mixed mode I-mode II). Understanding and predicting a 
structure’s resistance to delamination can be challenging because the delamination 
growth is often dependent on the laminate and the external loading conditions. It is 
therefore crucial not only to understand the inherent resistance to delamination of 
composite materials through coupon testing, but to establish a method of detecting 
and monitoring the onset and growth of delamination.  
The incorporation of interlaminar CVM galleries is one method of detecting and 
monitoring delaminations in aircraft structures. The embedment of CVM galleries in 
the adhesive layer of a composite patch – aluminium substrate structure for the 
detection of disbond (delamination) cracks has been investigated [26]. The results 
demonstrated the ability of CVM galleries to detect delamination in the composite-
adhesive or the aluminium-adhesive interfaces and to increase the local mode I 
interlaminar fracture toughness of the laminate [26]. The term ‘local’ refers to the 
material surrounding a single gallery rather than the laminate as a whole. This 
outcome is in agreement with research conducted on the influence of voids on the 
mode I interlaminar fracture resistance [95-102].  These studies report an increase in 
the local mode I strain energy release rate at crack growth (GIC) with increasing void 
content (for void contents generally below ~5%) as a result of a number of crack-tip 
blunting and crack trapping mechanisms. High void contents, however, have been 
shown to reduce the mode I interlaminar fracture toughness and promote unstable 
crack propagation [86].  
The influence of CVM galleries on the mode II delamination toughness has not been 
investigated thus far. Research on the effect of voids on the mode II interlaminar 
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fracture toughness, however, reveals that voids reduce the mode II critical strain 
energy release rate at crack initiation and propagation [95, 97, 117]. 
The integration of CVM galleries in aircraft laminates will enable the detection and 
monitoring of delaminations in aircraft critical structures prior to failure. However, 
ensuring that the galleries have minimal effect on the inherent interlaminar fracture 
toughness of the material is essential in achieving maximum structural safety and 
damage tolerance. For this purpose, the effect of CVM galleries on the mode I and 
mode II interlaminar fracture toughness of CFRP laminates are experimentally 
investigated in this section. Later in the chapter the influence of galleries on the 
impact damage resistance is determined.  
4.2.1 Mode I Interlaminar Fracture Toughness 
The effect of galleries on the mode I interlaminar fracture toughness of carbon/epoxy 
laminate was investigated using the double cantilever beam (DCB) test ASTM 
D5528-01 [118]. Test coupons were manufactured using a symmetric [0/90] lay-up 
with a set of 90/90 plies at the mid-plane. The mid-plane contained a non-adhesive 
Teflon® film, of ~20 micron thickness and 50 mm in length, inserted prior to 
consolidation that serves as the delamination initiator. Piano hinges were bonded to 
the edges of the DCB specimens to act as end tabs. A schematic of the DCB specimen 
is given in Figure 4-1. 
 
Figure 4-1 Schematic of double cantilever beam (DCB) specimen 
l ≈ 200 mm 
l2 ≈ 25 mm 
ao ≈ 50 mm 
W ≈ 25 mm 
t ≈ 4 mm 
CVM galleries  
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A thin layer of white correction fluid was applied to the sides of the DCB specimens 
to aid in the visual tracking of crack propagation. The DCB specimens were tested in 
an Instron tensile testing machine with the crack opening force applied via the cross-
head displacement at a constant rate of 2 mm/min. The applied load required to 
maintain the displacement rate was recorded by a 50 kN load cell. The crack growth 
direction was transverse to the direction of the galleries; i.e. along the 0o fibre 
direction, perpendicular to the gallery orientation, as indicated in Figure 4-1. The 
crack growth was monitored visually, each growth increment was marked on the 
specimen, and the corresponding applied load and cross-head displacement recorded. 
An example of a DCB specimen during testing is shown in Figure 4-2.  
        
Figure 4-2 DCB specimen 
A curve of the applied load versus crack opening displacement was recorded, whilst 
the location of the delamination front was measured and recorded at regular intervals. 
Using this data, the mode I strain energy release rate (GI) was calculated using 
modified beam theory [119]: 
 
c
I Wa
PG
2
3 δ=      (4-1) 
where P is the applied load, W is the specimen width, δ is the displacement, and ac is 
the delamination length. In practice, Equation 4-1 overestimates the value of GI 
because the modified beam theory assumes the double cantilever beam is perfectly 
built-in (i.e. clamped at the delamination front), whereas in reality some rotation may 
occur at the delamination front. In order to correct for this rotation, the DCB is treated 
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as though it contains a slightly longer delamination, ac + |∆|, where ∆ may be 
determined experimentally by generating a least squares plot of the cube root of 
compliance, C1/3, as a function of the delamination length (see Figure 4-3). The 
compliance, C, is the ratio of the load point displacement to the applied load, δ/P. The 
mode I interlaminar fracture toughness can then be calculated using the analytical 
expression given by Hashemi et al. [120]:  
( )∆+= cI aW
PG
2
3 δ     (4-2) 
where ∆ is the crack length correction.  
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Figure 4-3 Sample plot of compliance versus crack length data and a linear regression fit 
A series of DCB fracture tests were undertaken to investigate the effect of the gallery 
size, spacing and shape on the mode I delamination toughness. Four to eight coupons 
were tested for each gallery size and spacing combination. The GI value for the 
laminates containing the galleries was measured locally in the vicinity of a gallery, 
and does not represent the average critical strain energy release rate (GIc).  
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Figure 4-4 shows the effect of gallery size on the local mode I delamination toughness 
for elliptical and circular galleries. In all cases the spacing between the galleries was 
set at 5 mm. The delamination toughness of the laminate containing elliptical galleries 
increased with gallery diameter at a quasi-linear rate up to a gallery size of about 0.86 
mm. The delamination toughness increased further at a linear but slightly faster rate 
between the gallery sizes 0.86 and 1.84 mm, at which point the toughness value was 
about twice that of the gallery-free material. Beyond this size the delamination 
toughness appears to be independent of the gallery size, although eventually it is 
expected to decrease when the galleries are very large and account for a high 
percentage of the fracture plane. The delamination toughness of the laminates 
containing circular galleries also increased with gallery diameter, and for a given size 
the improvement is slightly greater than that achieved by the elliptical galleries.   
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Figure 4-4 Local mode I interlaminar fracture toughness (GI) versus gallery size (spacing ≈ 5 mm) 
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While the delamination toughness is dependent on the gallery size, it is less sensitive 
to the spacing between the galleries. Figure 4-5 shows the typical relationship 
between gallery spacing and mode I delamination toughness. This data is for the 
laminate containing elliptical galleries with a diameter of 0.58 mm, and similar trends 
were observed for the other gallery sizes. The delamination toughness increases with 
the introduction of the galleries, but does not change significantly when spacing is 
greater than about 2 mm.   
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Figure 4-5 Local mode I Fracture Toughness vs. Gallery Spacing.  The data is for the laminate 
containing 0.58 mm elliptical galleries 
The GI  values given in Figure 4-4 and Figure 4-5 describe the local energy release 
rate due to the galleries, and should not be relied upon for a comprehensive analysis 
of the laminate fracture characteristics [121]. Crack propagation characteristics such 
as speed, stability and growth path are also important in determining the effects of the 
galleries. Delamination growth in brittle polymer laminates, such as the carbon/epoxy 
material studied here, generally proceeds in one of two ways: (i) stable extension 
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characterised by steady crack growth with increasing opening displacement or (ii) 
run-arrest (slip-stick) extension in which the delamination front jumps abruptly. The 
specimen without galleries generally behaved in a stable manner, with some minor 
branching of the crack front away from the main fracture plane. However, the fracture 
mode changed to unstable, run-arrest behaviour when galleries were present. Unstable 
crack growth occurred regardless of the diameter, shape or spacing of the galleries. 
An example of the difference in the crack propagation characteristics between 
specimens with and without galleries is given by the load-displacement curves in 
Figure 4-6. The series of large drops in load for the laminate containing galleries is 
indicative of unstable crack propagation. This run-arrest behaviour occurred for both 
the elliptical and circular shaped galleries. In comparison, the curve for the specimen 
without galleries decreased steadily with increasing opening displacement which is 
indicative of a more stable crack growth process. 
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Figure 4-6 Load-displacement curves showing stable crack growth and slip-stick crack growth 
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Comparing the delamination resistance curves (R-curves) of specimens with and 
without galleries (see Figure 4-7); it becomes evident that the specimens containing 
galleries experience unstable crack growth, especially when the galleries are large, as 
in Figure 4-7b. The galleries are spaced 5 mm apart and the length of the specimen 
containing galleries is indicated on the sample curves. The crack front would therefore 
be expected to grow at 5 mm increments if it were to break one gallery at a time. 
However, for the 0.86 mm gallery sample (Figure 4-7a), the crack propagates over a 
distance of ~10 mm, indicating the breaking of two galleries per crack jump. This 
phenomenon is more profound as the galleries increase in size. For the specimen 
containing 2.98 mm galleries, for instance, the crack propagates through 3-4 galleries 
in a single crack jump indicating unstable crack propagation. Therefore, while CVM 
galleries appear to increase the local GI value, which is beneficial, they also promote 
unstable crack growth which is detrimental.  
During the fracture tests on specimens containing the elliptical galleries it was 
observed that the delamination often arrested at a gallery, as shown in Figure 4-8. The 
improvement to the delamination toughness caused by the elliptical galleries is 
attributed to the blunting effect experienced by the crack tip when it reached the 
abrupt geometric discontinuity provided by the edge of the gallery [41]. The 
geometric stress concentration factor at a circular or elongated hole, such as a gallery, 
is much less than for a sharp crack, thereby lowering the stress acting on the crack tip. 
The radius of the blunted ends of the elliptical galleries increased with their original 
diameter and this lowered the stress at the gallery edge. As a result, the local mode I 
delamination toughness increased with the gallery diameter. As described in chapter 
3, the stress concentration at a gallery edge depends on the radius of curvature (a/b) of 
the gallery (see equation 3-7). Subsequently, the maximum stress at the edge of the 
gallery is dependent on the geometric stress concentration factor (K) and the applied 
stress (σ), (see equation 3-8). It is therefore expected that increasing the radius of the 
gallery will reduce the stress concentration factor at the gallery edge and will 
consequently reduce the maximum stress at the gallery edge, thus slowing or stopping 
crack growth.   
 
 
Chapter4                                  Damage Tolerance & Fracture Toughness      147 
 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
40 50 60 70 80 90 100 110 120 130 140
Crack Length (mm)
No galleries
0.86 mm galleries
Specimen section with galleries
 
(a) 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
40 50 60 70 80 90 100 110 120 130 140 150 160
Crack Length (mm)
No galleries
2.98 mm galleries
Specimen section with galleries
 
(b) 
Figure 4-7 Sample R- curves (a) 0.86 mm and (b) 2.98 mm elliptical galleries   
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The fracture path in the specimens containing the circular galleries was slightly 
different to the elliptical galleries. During testing it was observed that the crack tip 
passed through the glass tube wall and was then arrested inside the tube, or it passed 
along the boundary between the tube and laminate, as depicted in Figure 4-9.  
Blunting will occur when the crack tip breaks through a glass tube. This accounts in 
part for the increased local fracture toughness of the laminate. Toughening is also 
expected to result from the deflection of the crack tip around the glass tube. The 
mismatch in the elastic properties between the laminate and glass tube are expected to 
create an asymmetric stress field surrounding the crack tip [41, 119, 122, 123]. This 
asymmetry can make it harder for the crack to propagate, thereby increasing the 
delamination toughness. Another process contributing to the increased toughness is 
the increased strain energy needed to fracture the glass tubes. The mode I fracture 
toughness of a glass tube (KI ~ 0.7-0.8 MPa.m-1/2) is slightly higher than the epoxy 
matrix (KI ~ 0.3-0.5 MPa.m-1/2). However, the walls to the glass tubes account for 
only a very small percentage of the fracture plane, and therefore the toughening 
caused by breaking the tubes is expected to be very small. The increased thickness of 
the resin-layer along the plane of crack growth is also expected to contribute to the 
improved toughness of the laminate containing the elliptical or circular galleries. The 
thickness of the laminate increased with the gallery size due to a thickening of the 
interlaminar resin layer. The size of the plastic zone ahead of the main delamination 
crack front is expected to grow with the thickness of the resin layer, and this will 
result in an increase in the delamination toughness. This mechanism would contribute 
to the improvement in the mode I fracture toughness with increasing gallery diameter 
in both the elliptical and circular gallery laminates.  
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Figure 4-8 Crack tip blunting by an elliptical gallery depicted in (a) DCB coupon (b) Schematic 
 
 
Figure 4-9 Schematic of crack tip deflection by a glass-tube  
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The increased toughness in the vicinity of a gallery requires higher tensile strain 
energy for the crack to propagate further. This is evident by the high load once the 
crack tip reaches the first gallery of the coupon (see Figure 4-6).  The load increases 
until the crack tip reaches the critical stress intensity, at which point the crack will 
propagate. The stored strain energy released by the crack growing from a gallery is 
higher than the energy released in the absence of a gallery. The energy released is so 
high that it causes the crack to travel further than in the absence of a gallery. This 
causes the crack to propagate through a number of neighbouring galleries and in effect 
“unzip” a large section of material in a single step, especially when the interlaminar 
galleries are large (larger than about 1 mm). This is not a desirable fracture 
characteristic for aircraft composite materials because it implies that sudden, wide-
area cracking may occur in the event of over-loading. Therefore, although 
interlaminar galleries, aligned transverse to the crack growth direction, can improve 
the localised mode I interlaminar fracture toughness of the material, the size of the 
galleries should be minimised so as to avoid unstable crack propagation.  
Similar observations have been reported by Walker [26] on the potential of CVM 
galleries to alter the mode I interlaminar fracture toughness of an adhesive bond-line. 
The samples tested by Walker consisted of a woven composite patch bonded to a 
thick aluminium substrate using an epoxy adhesive film. CVM galleries with a 
diameter of 0.2 and 0.33 mm and a spacing of 3 or 5 mm were inserted at the patch-
adhesive interface, substrate-adhesive interface, or both. The majority of the 
specimens tested displayed fracture toughness values similar to or better than those of 
the specimen without galleries (GI ≥ 0.5 kJ/m2).  
Figure 4-10 compares sample R-curves from Walker’s research to the findings of this 
PhD project for similarly sized, 0.3 mm circular galleries with 5 mm spacing. The 
slip-stick crack growth caused by crack tip blunting at the galleries, as described 
previously, was also reported by Walker [26]. Walker observed that a crack growing 
in the aluminium/adhesive interface would not be likely to alter its path in the 
presence of a gallery at the patch/adhesive interface, suggesting that the expected 
localised weakness generated by the gallery is not sufficient to attract the crack, 
however the stiffness and strength of the remaining adhesive does not alter the 
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localised properties at the crack tip. Although this finding indicates that the presence 
of the galleries does not have an adverse effect on the mode I fracture toughness of 
the samples, it can be viewed as a detriment to the CVM system, which requires the 
crack to breach the gallery in order to be detected [26].  
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Figure 4-10 R-curve comparison of results with experimental results by Walker [26]  
4.2.2 Mode II Interlaminar Fracture Toughness  
The effect of galleries on the mode II interlaminar fracture toughness of the 
carbon/epoxy laminate was investigated using the end notch flexure (ENF) test. The 
standard used to conduct this experiment was the European standard EN 6034 [124]. 
The test coupons were manufactured using a symmetric [0o/90o] lay-up with a set of 
90o/90o plies at the mid-plane. The mid-plane contained a non-adhesive Teflon® film, 
of ~20 micro-meters thickness and 50 mm in length, inserted prior to consolidation 
that serves as a delamination initiator. ENF specimens were loaded in a three-point 
bend fixture. A schematic of the ENF specimen and load condition is given in Figure 
4-11.  
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Figure 4-11 Schematic of ENF specimen under 3-point load 
White correction fluid was applied to the sides of the ENF specimens to aid tracking 
of the crack. The specimens were tested in an Instron testing machine, and the crack 
sliding force was applied via the cross-head displacement at a constant rate of 2 
mm/min. The crack growth direction was transverse to the direction of the galleries; 
i.e. along the 0o fibre direction, perpendicular to the gallery orientation. An example 
of a loaded ENF specimen during testing is shown in Figure 4-12.  
 
Figure 4-12 ENF specimen mounted in Instron machine  
L ≈ 200 mm
L/2 
ao ≈ 25.4 mm 
W ≈ 24 mm 
t ≈ 4 mm 
L/2
l ≈ 250 mm
25.4 mm 
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The mode II strain energy release rate (GII) is calculated based on linear elastic beam 
theory [116, 125, 126]:  
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where t and W are the specimen thickness and width respectively, ac is the crack 
length, P is the maximum load, E11 is the longitudinal elastic modulus and G13 is the 
in-plane shear modulus of the specimen. Neglecting the shear deformation, the above 
relationship can be expressed in terms of the measured compliance, C, which is the 
ratio of the load point displacement to the applied load, δ/P: 
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where L is the half-length of the loading span. 
A series of ENF fracture tests were undertaken to investigate the effect of the gallery 
size and shape on the mode II interlaminar fracture toughness. Five coupons were 
tested for each gallery size. Initially a pre-crack test was performed on specimens 
containing the Teflon® film starter crack in order to achieve a sharp crack tip prior to 
the mode II testing. However, the strain energy required to obtain a starter crack often 
resulted in the crack growing instantly in a single step causing specimen failure. To 
avoid this problem, the test was conducted on specimens containing the Teflon® film 
as the starter crack. In this case it is reasonable to assume that the blunted crack tip 
created by the insert film results in high values for the apparent fracture toughness of 
the material [116]. This is not a concern in this investigation, however, since all 
specimens were tested using the same procedure and it is the comparison of GII 
between the laminates with and without galleries that is of primary concern. Typical 
load-displacement curves are shown in Figure 4-13. The linearity of the load-
displacement curves is followed by a large, sudden load drop at the point of 
catastrophic failure. The crack growth was unstable, with the delamination growing 
rapidly (fast fracture) from the insert film to the centre of the specimen where it must 
stop. This is expected because ENF beams with a crack-length to beam-span ratio a/L 
< 0.7 are expected to fail by unstable crack growth [116].   
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Figure 4-13 Sample Load-displacement curves for specimens with and without galleries 
Figure 4-14(a) shows the effect of gallery size on the mode II interlaminar fracture 
toughness for elliptical and circular galleries, with a spacing of 5 mm. The 
delamination toughness of laminates containing both elliptical and circular galleries 
decreased with increasing gallery size at a non-linear rate. Although circular galleries 
with a diameter below 0.32 mm did not influence the GII significantly, all remaining 
galleries caused a reduction in the GII up to a maximum 40% reduction for the 3 mm 
elliptical galleries. The rate of GII reduction seems to decrease with increasing gallery 
size reaching a plateau at the minimum GII value of ~0.4kJ/m2. For a given gallery 
size, the laminates containing circular galleries showed similar GII values than those 
achieved by the elliptical galleries.  The fibre distortion angle caused by the presence 
of the galleries has been plotted against the GII in Figure 4-14(b). The circular 
galleries seem to cause a lower reduction in GII for similar fibre distortion angles as 
the elliptical galleries.    
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(b) 
Figure 4-14 GIIc versus (a) gallery size, and (b) fibre distortion angle (φ o) 
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The crack-tip deflection at circular galleries and crack-tip blunting at elliptical 
galleries observed in mode I interlaminar crack propagation was not evident in mode 
II crack propagation. This may be attributed to the high strain energy levels required 
for initiation and propagation of the crack in mode II. Furthermore, crack propagation 
in mode II occurred above or below the neutral axis of the beam, hence travelling 
around the galleries, instead of intercepting them as in mode I (see Figure 4-15). The 
crack path experienced deflection angles comparable to the ply-waviness angles 
caused by the galleries. Specimens with low ply waviness and therefore small crack 
deflection, such as the specimens containing 0.17 and 0.32 mm circular galleries (see 
Figure 4-15b), had the same GII value as the laminate without galleries. The reason 
why the crack does not grow along the plane of galleries is not immediately apparent. 
However, assuming that the laminate is not under a pure mode II load, and that it 
experiences a mixture of shear and tensile load over the entire region, it is reasonable 
to expect that the mismatch in modulus between the 0o and 90o plies results in a 
higher stress concentration than what exists at the gallery edge. This is also evident in 
the FE analysis of Chapter 3, where the maximum stress of a laminate under a 
transverse tensile or in-plane shear load is often above or below a gallery, at the 0/90 
ply interface. 
Crack propagation in specimens containing large galleries (above 0.5 mm) did occur 
along the plane of galleries in some regions and as a result some of the galleries in 
those specimens were intercepted (see Figure 4-15d). However, crack tip blunting was 
not achieved due to the unstable and rapid crack growth caused by the high strain 
energy release rate at crack initiation from the blunt film insert. The ‘blunt’ crack tip 
at crack initiation due to the starter film may be alleviated by pre-cracking the 
specimens under mode I delamination. However, it is important to note that thin films 
and resin-rich regions are realistic defects in composites and therefore their behaviour 
under load should not be disregarded; and pre-cracking under mode I will result in a 
damaged area, which may alter subsequent mode II resistance [126].  
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Figure 4-15 Failed ENF (mode II) specimens with (a) no galleries, (b) 0.17 mm circular galleries, (c) 
0.86 mm elliptical galleries, and (d) 2.98 mm elliptical galleries  
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4.3 Impact Damage Resistance 
Impact induced damage inhibits the use of composite materials in certain aircraft 
structures, such as leading edges. Aircraft composite structures have to survive low 
energy impacts from dropped tools, bird strike, hail impact, and impact from debris on 
the airport runway. A low energy impact event has the potential to cause a substantial 
amount of damage, including indentation, matrix cracking, fibre-matrix debonding, 
delamination and, in some cases, fibre breakage [103]. The damage is due mainly to 
the poor stiffness and strength properties of laminates in the through-thickness 
direction. Low energy impact damage is particularly dangerous because the extent of 
the damage is often difficult to detect by visual inspection. Designing composites with 
interlaminar CVM sensing systems can potentially solve this problem, resulting in fast 
and accurate detection of low energy impact damage delamination.   
The applicability of interlaminar CVM galleries for the detection of low impact 
damage detection has been investigated by Walker [26]. Galleries measuring 0.35 mm 
in diameter and spaced 5 and 10 mm apart were inserted at various ply interfaces in 8-
ply woven CFRP laminates. A total of five different gallery layout combinations were 
investigated, and all provided positive impact detection results, although with 
differing levels of sensitivity. The research by Walker [26] indicated that the gallery 
layout and the relationship between the indenter (impact site) and the gallery location 
play a crucial part in the detectable damage size. This is because the minimum 
detectable size is governed by the distance between two parallel galleries. If the 
spacing is too large and the damage occurs between two galleries then it cannot be 
detected. It may also be possible to detect a crack that is below critical size if it occurs 
exactly on a gallery, thus resulting in the detection of a sub-critical crack size. 
Therefore, designing a CVM system for impact damage detection requires 
experimental data to determine the damage tolerance criteria for each composite 
structural application. The research by Walker [26] also concluded that the use of 
parallel galleries in a single ply interface would be sufficient to detect impact damage.  
Although the success of the CVM galleries in detecting impact damage were 
demonstrated by Walker [26], the influence of the galleries on the impact damage 
tolerance has not been assessed. The findings presented in this section can be used as 
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a basis for the design of an impact damage detection CVM system that will have a 
minimal effect on the mechanical properties of the composite.  
Low-energy impact experiments were performed using the instrumented drop-weight 
test ASTM D5628-96 [127]. An instrumented falling weight impact test machine was 
used with a 12.5 mm hemispherical steel tub as the indenter (mass = 1.067 kg).  A 
variable drop height (0.8 m to 2 m) was used to generate incident impact energies 
from 8.4 to 21 J. The laminate specimens were flat rectangular plates that were 
clamped at their edges. The specimens were made using the same [0/90]s 
carbon/epoxy laminate used in the interlaminar fracture toughness tests. The 
unsupported area of each specimen was about 95 mm x 85 mm, and a rigid plate with 
a circular hole measuring 40 mm diameter was placed over the impact-side.  
Impact tests were performed on a laminate without galleries (control specimens), and 
on laminates containing 0.17 mm and 0.68 mm circular and 0.58 mm and 2.98 mm 
elliptical galleries. The galleries were spaced 10 mm apart and located between 90/90 
plies at the mid-plane of the laminate. The impact tests were performed by ensuring 
that the indenter struck on or close to a gallery. The specimens were subjected to a 
single impact load. This was ensured simply by physically catching the indenter on 
rebound, after the first impact. The test set-up, indenter and specimen clamp can be 
seen in Figure 4-16.  
The impact machine was instrumented to measure the terminal velocity of the 
indenter at the moment of impact as well as the rebound velocity. The energy at the 
point of impact was calculated from the velocity values. The extent of delamination 
damage caused by the impact was measured using through-transmission ultrasonics. 
C-scanning was performed using a 3 MHz ultrasonic transducer and a scan interval 
index of 0.060 mm. The maximum damage area for each impacted specimen was 
measured from the C-scan images (see Figure 4-17).  
The average impact damage area for each gallery size is plotted against the average 
impact energy in Figure 4-18. It is evident that the low energy impact damage 
resistance of laminates containing small galleries (below 2.98 mm for elliptical 
galleries and 0.68 mm for circular galleries) is not significantly influenced by the 
presence of interlaminar CVM galleries. 
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Figure 4-16 Impact damage test photos (a) complete test rig (b) indenter (c) test piece clamp 
   
Figure 4-17 Sample C-Scan images of specimens with (a) no galleries, (b) 0.58 mm galleries, (c) 0.68 
mm galleries, and (d) 2.98 mm galleries. Impact energy = 20.9 J 
CVM galleries  
(a) No galleries (b) 0.58 mm galleries 
(c) 0.68 mm galleries (d) 2.98 mm galleries 
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Figure 4-18 Impact damage area versus impact energy 
The sample C-scan images given in Figure 4-17 show the morphology of damage in 
the laminates after impact loading. The approximate locations of the galleries are 
indicated in the images. The damage in the laminate containing the small galleries 
(e.g. Figure 4-17b) is approximately equal in length in the directions normal and 
parallel to the gallery orientation. The damage zone in laminates with small galleries 
(below ~1 mm) can be considered as approximately circular. However, the shape of 
the damage zone becomes more elliptical with increasing gallery sizes. It is evident 
that the damage zone of laminates with large galleries (2.98 mm) is shorter in the 
direction normal to the galleries (Figure 4-17d).  
 Figure 4-19 shows the length of the impact damage zone in the directions that are (a) 
normal and (b) parallel to the galleries, referred to as damage width and damage 
length respectively. There is no significant difference in the damage width between 
the laminates. It was observed that the impact damage in this direction stopped when 
it encountered a gallery, presumably because of similar crack tip blunting effects and 
toughening mechanisms that caused an improvement in the local mode I interlaminar 
fracture toughness of the material. The impact damage spread over a longer distance 
in the direction parallel to the galleries (see Figure 4-19b), particularly with the large 
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gallery sizes. The inferior impact damage resistance parallel to the galleries can be 
attributed to the reduced load-bearing area due to the galleries and their inability to 
blunt the crack tip in this direction.  
0
10
20
30
40
50
60
70
80
Impact Energy (J)
Im
pa
ct
 D
am
ag
e 
W
id
th
 (m
m
)
No galleries
0.17 mm galleries
0.58 mm galleries
0.68 mm galleries
2.98 mm galleries
8 10 15 20
 
(a) 
0
10
20
30
40
50
60
70
80
Impact Energy (J)
Im
pa
ct
 D
am
ag
e 
Le
ng
th
 (m
m
)
No galleries
0.17 mm galleries
0.58 mm galleries
0.68 mm galleries
2.98 mm galleries
8 10 15 20
 
(b) 
Figure 4-19 Impact damage length (a) normal and (b) parallel to the gallery direction 
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The results presented in this section, in combination to the results of Walker [26], 
indicate that CVM galleries can be successfully applied to composites for the 
detection of low energy impact damage with a minimal effect on the  impact damage 
tolerance of the material.  Maintaining gallery sizes below a critical size (~0.8 mm in 
this case) and controlling the gallery spacing according to the specific damage 
tolerance requirements of the laminate will ensure the design of a sensitive, reliable 
and non-intrusive CVM impact damage detection system. Future work into the effect 
of CVM galleries on the impact damage resistance of carbon\epoxy laminates could 
involve the impact damage testing of laminates with multiple rows of galleries 
through the laminate thickness. This will enable an insight into the effect of CVM 
galleries on the through-thickness damage of composite laminates.  
4.4  Conclusion 
An experimental investigation into the effect of CVM galleries on the damage 
tolerance of carbon-epoxy composites revealed that the local mode I toughness is 
improved when galleries are aligned normal to the direction of crack growth. The 
local delamination toughness increased with the gallery diameter up to a critical size, 
above which the toughness appears to remain constant (although exceptionally large 
galleries are expected to reduce the toughness). The improved local toughness of the 
laminates containing elliptical galleries is attributed to blunting of the crack tip when 
it enters a gallery and the increased size of the plastic zone at the crack tip due to the 
thick interply layer. Crack tip blunting, crack tip yielding, crack deflection and 
fracture of the glass tubing account for the improved local toughness of the laminates 
containing circular galleries. It therefore appears that the galleries can have the duel 
functions of SHM sensors and local delamination toughening. However, mode I crack 
extension in the presence of galleries occurs in an unstable (slip-stick) manner that is 
an undesirable fracture characteristic. 
The mode II interlaminar toughness was also investigated for laminates containing 
CVM galleries aligned normal to the direction of crack growth. The mode II 
delamination toughness decreased with increasing gallery size. Above a critical size, 
the delamination growth occurred above or below the neutral axis of the beam, 
travelling around the galleries. Consequently, the galleries were not breeched during 
crack growth and the crack-tip blunting mechanisms that caused an increase in the 
Chapter4                                  Damage Tolerance & Fracture Toughness      164 
 
localised mode I delamination toughness were not observed in mode II. These results 
imply that CVM sensors may not be able to detect mode II cracks in laminates 
because they avoid the galleries.  
Investigation of the low-velocity impact damage resistance of laminates containing 
CVM galleries indicated that the improved mode I toughness provided by the galleries 
also appears to reduce the length of impact damage in the direction normal to the 
galleries. The crack tip blunting mechanism appears to be the main toughening 
process impeding the growth of delaminations formed under impact.   
 
4.5 Publications 
The results of the research presented in this chapter have been published in the 
following journal and conference proceeding:  
Kousourakis, A., Mouritz, A. P., and Bannister, M. K., 2006, Interlaminar 
properties of polymer laminates containing internal sensor cavities, Journal of 
Composite Structures, 75(1-4): p.610-618.  
Kousourakis, A., Mouritz, A.P., and Bannister, M.K., 2005, Effect of internal 
sensor galleries on the mechanical properties of aerospace composite laminates, 
Structural Health Monitoring 2005: Advancements and Challenges for 
Implementation, Proceedings of the 5th International Workshop on Structural 
Health Monitoring, Stanford University, DEStech Publications Inc., CA, p.409-
418.   
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Chapter 5 
 
Structural Composite Joints 
Containing CVM Sensors 
5 Structural Composite Joints Containing CVM Sensors 
5.1 Summary 
The effect of CVM galleries on the tensile strength of composite lap joints (bonded 
and co-cured) and composite T-joints (co-cured) is investigated in this chapter. It was 
found that the strength of bonded lap joints was not affected significantly by the 
presence of small galleries along the bond-line, and failure occurred by adherend 
interlaminar fracture. However, galleries with a diameter/height equal to or greater 
than the film-adhesive thickness degraded the tensile strength and failure occurred in 
the adhesive. The strength of co-cured lap joints was also not significantly affected by 
small galleries (gallery diameter/height < ~1mm). Some of the small galleries resulted 
in an improvement of the lap-joint strength due to mixed mode I and II stresses at the 
crack front and the deflection of the crack path around wavy plies. Large galleries 
(1.84 and 2.98 mm), however, caused a small reduction in lap-joint strength. A 
reduction in the tensile pull-off strength with increasing gallery size was observed for 
co-cured T-joints, simulating a skin-stiffener panel. Failure of the T-joints involved 
the concurrent development of vertical cracks along the stiffener and horizontal cracks 
along the skin-stiffener interface. Run-arrest crack propagation was observed in T-
joint specimens containing galleries, as a result of the galleries having an orientation 
normal to the direction of crack propagation and blunting the crack tip.  
Simple analytical expressions were developed for predicting the reduction in the 
tensile strength of the joints as a result of changes to the cross-sectional bond area 
caused by the galleries. The relationship predicted a 1% reduction in strength for a 1% 
reduction in the cross-sectional area of both lap-joints and T-joints. The prediction 
correlates well with the experimental results, however it cannot predict the reduction 
Chapter 5 Structural Composite Joints      166 
 
in strength caused by a poor bond-line for adhesively bonded lap joints with large 
galleries or the improvements in the lap joint strength caused by small galleries. 
The research has demonstrated that introducing small circular or elliptical galleries 
(gallery diameter/height < ~ 1mm) to co-cured composite single lap joints will not 
inhibit the tensile strength of the lap joint. Introducing galleries to bonded lap joints 
with a diameter/height considerably smaller than the nominal cured film-adhesive 
thickness will not cause a significant change to the strength. T-joints, however, 
showed a linear reduction in the tensile pull-off strength with increasing gallery size.  
5.2 Introduction 
Bonded joints are one of the most important elements of an aircraft structure. Well 
designed structural joints, such as stiffened panels (Figure 5-1 [128]), offer many 
advantages to aircraft structures, including increased buckling load, significant post-
buckling stiffness, and an ultimate failure load several times the initial buckling load. 
However, separation of stiffeners from the skin is one of the most critical failure 
mechanisms in stiffened panels, and it occurs as a result of normal or peel stresses 
developed along the skin-stiffener bond-line. Detection of skin-stiffener failure is 
traditionally dependent on NDT inspections during scheduled aircraft maintenance. 
The ability to monitor the integrity of the skin-stiffener bond-line using in-situ or 
periodic structural health monitoring techniques can significantly improve the 
reliability of structural skin-stiffener joints and ultimately lead to a more optimised 
and light-weight design of stiffened aircraft panels [128].  
Achieving efficiency in the design of structural joints requires the development of 
simple and reliable methodologies to provide accurate predictions of joint strength 
and service life. One such methodology is the introduction of SHM sensing devices, 
such as CVM galleries, within the bond-line of structural joints. It is envisaged that 
the continual monitoring of structural joints will enable the optimisation of the joint 
design and ultimately lead to considerable weight savings and safety improvements. 
Structural Monitoring Systems have already demonstrated the capabilities of CVM 
sensors in detecting small cracks inside the adhesive bond of metallic lap and T-joints, 
and along the bond-line of composite bonded repairs [28]. Developing CVM 
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technology for the monitoring of composite joints is an exciting concept for crack 
detection in aircraft structural joints.  
However, introducing CVM sensing devices can potentially influence the strength and 
failure mode of structural joints, and this effect must be considered prior to the design 
of a CVM sensing system for aircraft structural joints. This chapter addresses the 
effect of CVM galleries on the strength of adhesively bonded and co-cured composite 
lap-joints, and co-cured composite T-joints. The ultimate strength and failure mode of 
joint specimens containing galleries of different sizes and shapes at the bond-line are 
compared to specimens without galleries. From this study the gallery size and shape 
combinations with a minimum effect on the joint properties are identified.  
 
 
Figure 5-1 Examples of stiffened panels along a chordwise section near the root and tip of an aircraft 
wing [128]  
T-section 
stiffeners 
Z-section 
stiffeners 
Z-section 
stiffeners 
Angle-shape 
stiffeners 
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5.3 Tensile Strength of Lap-Joints 
The effect of CVM galleries on the tensile strength of adhesively bonded and co-cured 
lap-joints is investigated in this section. Lap-joint specimens were prepared in 
accordance with the test standard ASTM-D5868 [129]. The adherends were made 
from 2 mm thick (16 plies) carbon/epoxy [0/90]s laminate (see Chapter 3 for material 
properties). Two types of bond-lines were used to create the lap-joints. An adhesive 
bond-line was achieved using a high-shear strength epoxy film adhesive, FM® 300 
(see Table 5-1 for adhesive properties), to secondary bond the cured laminate 
adherends. The adhesive and adherend preparation and bonding procedure (cured at 
175oC under vacuum for one hour) were executed according to the specifications 
supplied by the manufacturer [130].  
Four different gallery sizes/types were used in the experiment: two circular galleries 
with diameter 0.17 mm and 0.32 mm, and two elliptical galleries with the following 
width × height dimensions, 0.58 × 0.22 mm and 0.86 × 0.34 mm. The gallery spacing 
was kept constant at 5 mm. The CVM galleries were inserted within the bond-line 
along the adhesive interface (see Figure 5-2a). Due to the thickness restriction 
imposed by the glass filler in the film adhesive, galleries with a diameter or height 
above ∼0.32 mm could not be inserted. Hence, the results for lap-joints with film 
adhesive are limited to galleries with a gallery height approximately 0.32 mm. This 
obstacle was alleviated using the non-adhesive bond-line, achieved by co-curing the 
two laminates (i.e. joining the two adherents in the autoclave during laminate 
consolidation). To manufacture the co-cured lap joints, the open-hole galleries were 
introduced along the bond-line section of the lap-joint during lay-up and had a spacing 
of 5 mm (see Figure 5-2b). The galleries were inserted in the normal direction to the 
applied load in both instances. Tabs were bonded to the specimen to ensure a 
symmetric load path through the centre of the lap-joint. Three additional gallery sizes 
were tested using the co-cured lap joints: 0.68 mm circular galleries; as well as 1.84 × 
1.21 mm and 2.98 × 1.02 mm silicone elliptical galleries. Although the galleries have 
been labelled throughout the thesis based on their largest dimension (gallery length), 
the results for the adhesive and co-cured lap joints are presented based on the gallery 
height as this is a significant limiting factor when considering the application of CVM 
galleries within lap joints.  
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Table 5-1 Adhesive Properties 
FM® 300 Film Adhesive Properties  
Nominal thickness  0.32 mm 
Carrier Random mat 
Tensile shear strength (24oC) 36.4 MPa 
Flatwise tensile strength (24oC) 9.6 MPa 
Table 5-2 Lap-joint specimen dimensions  
Lap-joint Specimen Dimensions  
Specimen length (l) 170 mm 
Specimen width (W) 25 mm 
Adherend thickness (ta) 2 mm 
Lap-joint length (Ll) 30 mm 
Lap-joint thickness (tl) ~ 4 mm 
 
 
Figure 5-2 Schematic of lap-joint specimen (a) adhesive bonded joint, and (b) co-cured joint 
Composite Adherend 
Composite Adherend 
CVM galleries in adhesive layer 
 
Tab 
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The architecture of the joint material surrounding the CVM galleries was similar to 
the laminate, which is described in detail in Chapter 3. The reader is refereed back to 
this chapter for a full description of the local changes to the composite architecture 
caused by the inclusion of galleries 
The lap-joint specimens were loaded in tension using an Instron testing machine at a 
constant rate of 1 mm/min until failure. Curves of the applied load versus cross-head 
displacement were recorded during the test. The lap-joint strength (σl) was determined 
from the maximum failure load (P) acting over the bonded area (Al):  
lll
l tW
P
A
P
×==σ     (5-1) 
where Wl and tl are the width and thickness of the lap joint respectively.  
The effect of galleries on the strength of the lap joints is presented in Figure 5-3. The 
results for the adhesive bonded lap-joint show that the strength is unaffected for 
elliptical and circular galleries below at least 0.17 mm and 0.22 mm, respectively (see 
Figure 5-3a). However, once the gallery height approaches the nominal thickness of 
the film adhesive (~0.32 mm), such as in the case of the 0.32 mm circular and the 0.34 
mm elliptical galleries, the tensile strength of the lap-joint is severely degraded. Lap 
joints containing galleries with a height below that of the film adhesive thickness had 
a strong bond-line and consequently a demonstrated a good lap-joint strength. In the 
case of the 0.32 mm circular and the 0.34 mm elliptical galleries however, the gallery 
height is comparable to the film adhesive thickness, which results in a weak bond-line 
between the two adherends, and a weak lap-joint strength, with failure occurring 
along the adhesive interface.  
Figure 5-3b shows that galleries in co-cured lap-joints do not cause a significant 
reduction in the lap-joint tensile strength. Specimens containing 0.22 mm and 0.34 
mm elliptical galleries and 0.17 - 0.68 mm circular galleries demonstrated that they 
can achieve some improvement in the tensile strength of the lap-joint. This suggests 
that the galleries below a critical size (which may lie at a value between ~1.00 mm 
and ~ 1.78 mm) may have a strengthening effect on the lap-joint.  
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Figure 5-3 Tensile stress versus gallery size for (a) adhesive bonded, and (b) co-cured lap-joints 
containing circular and elliptical galleries 
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Structural bonded joints can fail at different locations and in various modes. It is often 
difficult to characterise all the failure modes of joints, especially for adhesively 
bonded composite joints. Failure can initiate and grow in the adhesive, the adherend, 
or the adhesive/adherend interface. Failure of adhesively bonded joints is categorised 
in four groups: (i) adherend failure due to tension, compression or bending; (ii) 
adherend-adhesive interfacial failure; (iii) cohesive failure; and (iv) out-of-plane 
adherend failure [128, 131, 132]. Figure 5-4 presents graphical representations of the 
cohesive and adhesive failure modes. These failure modes can take place 
simultaneously or in various combinations within an adhesively bonded lap joint.  
   
(i) Adherend interlaminar fracture  (ii) Adherend-adhesive interfacial failure 
   
(iii) Cohesive failure    (iv) Out-of-plane adherend failure  
Figure 5-4 Examples of typical failure modes of adhesively bonded single lap-joints [133] 
Typical fracture surfaces of adhesively bonded lap-joint specimens containing CVM 
galleries are presented in Figure 5-5. The lap joints failed in one of two ways. 
Specimens with no galleries and specimens with 0.17 mm circular and 0.22 mm 
elliptical galleries failed by interlaminar fracture of the adherend at the ply interface. 
It is clear from the fracture surfaces of these specimens that the fracture mode is 
identical and involved adherend fracture, since there is no evidence of crack initiation 
and growth at the adhesive or the adherend-adhesive interface. Lap joints containing 
0.32 mm circular galleries (Figure 5-5d) and 0.34 mm elliptical galleries (Figure 5-5e) 
failed by adherend-adhesive interface failure, which is indicative of the inferior 
adhesive bond-line.  
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 (a)   (b)   (c) 
      
(d)   (e) 
Figure 5-5 Typical fracture surfaces of adhesively bonded  specimens with (a) no galleries, (b) 0.17 
mm circular, (c) 0.58 elliptical (d) 0.32 mm circular galleries, and (e) 0.86 mm elliptical galleries  
Campbell [134] has identified the following set of requirements which need to be 
considered when designing adhesively bonded joints: 
⇒ The adhesive must be compatible with the adherends and able to retain its 
required strength when exposed to in-service stresses and environmental factors 
⇒ The joint should be designed to ensure a failure in one of the adherends rather 
than a failure within the adhesive bondline. 
⇒ Thermal expansion of dissimilar materials must be considered. Due to the large 
thermal expansion difference between carbon composite and aluminum, 
adhesively bonded joints between these two materials have been known to fail 
30 mm 
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during cool down from elevated temperature cures as a result of the thermal 
stresses induced by their differential expansion coefficients. 
⇒ Proper joint design should be used, avoiding tension, peel or cleavage loading 
whenever possible. If peel forces cannot be avoided, a lower modulus (non-
brittle) adhesive having a high peel strength should be used. 
⇒ Tapered ends should be used on lap joints to feather out the edge-of-joint 
stresses. The fillet at the end of the exposed joint should not be removed. 
⇒ Selection tests for structural adhesives should include durability testing for heat, 
humidity (and/or fluids), and stress, simultaneously. 
As described in the preceding discussion, it was observed that CVM galleries with a 
gallery height larger than the nominal adhesive thickness failed at the adhesive 
bondline. Based on the guidelines provided by Campbell [134] for the design of 
adhesively bonded joints, using CVM galleries with a gallery height similar to the 
adhesive thickness would not be acceptable. However, designing adhesively bonded 
joints containing CVM galleries with a gallery height lower than the maximum 
adhesive thickness would be in compliance with the design guidelines provided by 
Campbell, since it was shown that failure occurred at one of the adherends, rather than 
the adhesive bondline.  
Typical fracture surfaces of co-cured lap-joints containing galleries are presented in 
Figure 5-6. Crack propagation in lap joints containing 0.17 - 0.32 mm circular and 
0.22 mm elliptical galleries (Figure 5-6 b, c, e) occurred at a ply interface above or 
below the plane of the galleries. Although the crack is deflected by the curvature of 
the distorted plies caused by the galleries, it does not breech the galleries in its path 
(see Figure 5-7a). The fact that the crack does not intercept the galleries as it 
propagates may be the reason for the observed increased strength in Figure 5-3b. The 
wavy contour of the plies as they bend around the galleries may force the load path of 
the propagated crack to deflect away from its original crack path. This increases the 
total distance of the crack path which may improve the fracture strength of the lap-
joint. Failure of lap joints containing larger galleries, 0.68 mm circular and 0.34 – 
1.21 mm elliptical galleries (Figure 5-6 d, g, h) occurs along the plane of the galleries 
and the crack inevitably breeches the galleries in its path (see Figure 5-7b). In this 
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case there seems to be a combination of crack deflection around the wavy plies and 
propagation through the galleries. The 0.68 mm and 0.34 mm galleries caused a run-
arrest crack propagation similar to that observed in the mode I loading, while the 
larger galleries (1.02 mm and 1.21 mm) caused a more rapid and unstable crack 
growth, therefore reducing the lap-joint strength of the specimens.  
 
       
  (a)   (b)   (c)   (d) 
 
    
  (e)   (f)   (g)   (h) 
Figure 5-6 Typical fracture surfaces of co-cured specimens with (a) no galleries; (b) 0.17 mm, (c) 0.32 
mm, and (d) 0.68 mm circular galleries; and (e) 0.58 mm, (f) 0.86 mm, (g) 1.84 mm, and 2.98 mm 
elliptical galleries 
30 mm 
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(a) 
 
(b) 
Figure 5-7 Schematic representation of the crack path (a) deflected around the small galleries, and (b) 
breaking of the large galleries in co-cured lap-joints  
5.4 Tensile pull-off strength of T-sections (T-joints) 
The effect of CVM galleries on the tensile pull-off strength of co-cured T-sections is 
investigated in this chapter. The T-sections were manufactured to replicate a 
monolithic skin-stiffener flanged plate, as illustrated in Figure 5-8. T-section 
specimens were made using three co-cured panels, with each made using a 2 mm 
thick (16 plies) carbon/epoxy [0/90]s laminate (see Chapter 3 for material properties). 
The stiffener was made using two L-sections joined with a rolled-up unidirectional 
carbon/epoxy ply used as the ∆-filler. Two solid aluminium blocks were used as 
moulds during the lay up of the L-sections, and then positioned over the flat 
carbon/epoxy plies, acting as the skin, to form the T-joint shape shown in Figure 5-8. 
The skin and stiffener were then joined by co-curing (i.e. joining occurred in the 
autoclave during laminate consolidation) in the absence of a film adhesive. 
Consolidation and curing occurred in an autoclave at an overpressure of 690 kPa and 
temperature of 180oC for 2 hours.  
The open-hole galleries were introduced along the bond-line section during lay-up, 
and were oriented in the normal direction to the expected crack propagation direction 
(see Figure 5-8). The specimen dimensions are listed in Table 5-3. Five different 
gallery sizes were used in the experiment, three circular galleries of diameters 0.17 
Crack deflected 
around galleries 
Crack path 
Galleries 
Crack breaking 
through galleries 
Crack path 
Galleries 
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mm, 0.32 mm and 0.68 mm; and two elliptical galleries with the following width × 
height dimensions, 0.58 × 22 mm and 0.86 × 0.34 mm. The gallery spacing was kept 
constant at 5 mm.  
 
Figure 5-8 Schematic of T-section components  
Table 5-3 T-section specimen dimensions 
 
 
 
 
 
 
 
The specimens were loaded in an Instron testing machine, with a tensile pull-off force 
applied at a cross-head displacement of 1 mm/min until failure. The tensile pull-off 
strength (σT) was determined from the maximum load (P) acting over the T-section 
cross-sectional area (ATS):  
 
TSTSTS
TS WL
P
A
P ==σ              (5-2) 
where LTS and WTS are the T-section length and width, respectively.  
Specimen Dimensions  
Specimen length   200 mm 
Specimen width 25.5 mm 
Stiffener length 100 mm 
Stiffener height 70 mm 
Skin thickness ~ 2 mm 
Stiffener thickness ~ 4 mm 
Joint length ~ 110 mm 
Joint thickness  ~ 4.5 mm 
Stringer 
Delta - section 
Galleries 
Skin 
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The effect of galleries on the T-section strength is presented in Figure 5-9. The 
strength decreases at a linear rate with increasing gallery size, and there is no 
significant difference in the trend for circular and elliptical galleries (see Figure 5-9).   
The insertion of CVM galleries in the T-section specimens causes a reduction in the 
load-bearing area. The effect of this change in area on the tensile pull-off strength can 
be approximated using: 
o
g
TSTS A
A
o
σσ =    (5-3) 
where Ag and Ao are the load-bearing areas of the lap-joints with and without galleries, 
respectively, and σTSo is the maximum tensile pull-off strength of the control T-section  
specimen. Equation 5-3 predicts a linear reduction in the pull-off strength with 
decreasing load-bearing area due to the galleries. The relationship predicts that a 1% 
reduction in the load-bearing area due to the galleries will cause a 1% reduction in the 
strength. This relationship is in good correlation with the experimental results, as seen 
in Figure 5-9.  The rate of strength reduction of the T-sections containing galleries is 
comparable to that for the lap-joints containing small galleries (see Figure 5-10).  
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Figure 5-9 Tensile pull-off strength of T-sections versus gallery size 
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Figure 5-10 Tensile pull-off strength ration versus area reduction 
A typical example of the crack growth experienced by T-sections without galleries is 
shown in Figure 5-11, and an example of the progressive failure of a T-section 
containing CVM galleries is given in Figure 5-12. In both cases vertical cracks along 
the stiffener and horizontal cracks along the skin-stiffener interface form almost 
simultaneously under the applied tensile load. The cracks generally originate from a 
single point at one corner of the stiffener delta (∆) which is near where the stress 
concentration is highest. This point of crack initiation is indicated by the first load 
drop in the load-extension curves shown in Figure 5-13. As the load continues to 
increase the cracks propagate, with the vertical cracks growing upwards causing 
stiffener delamination and the horizontal cracks growing along the skin-stringer 
interface causing skin-stiffener delamination.  
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Figure 5-11 Example of crack propagation in a T-section with no galleries 
 
 
(a) 
 
(b) 
Horizontal crack propagation 
Vertical crack propagation 
Crack origin in ∆-region 
Horizontal crack propagation 
Vertical crack propagation Crack origin in ∆-region 
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(c) 
 
(d) 
 
(e) 
Figure 5-12 Example of crack propagation in a T-section containing 0.86 mm galleries from the onset 
of damage (a) to complete skin-stiffener delamination (e)  
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(b) 
Figure 5-13 Typical Load-extension curves for T-sections with (a) elliptical, and (b) circular galleries 
Phillips and Shenoi [135] investigated the damage tolerance of laminated T-joints in 
FRP structures using degree pull-off tests (tensile pull-off load applied at a 45o to the 
stiffener) and three point bending tests. In their investigation they identified the 
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delamination prone areas in the specimens using a series of FE models. The regions 
identified as being most susceptible to damage were the inner plies of the 
overlaminate (stiffener) curved regions (see Figure 5-14a), which is the same region 
of failure initiation observed in this research. Phillips and Shenoi [135] attributed the 
delaminations forming in these regions to high through-thickness stresses experienced 
by the T-joint during the pull-off loading (see Figure 5-14b).   
 
(a) 
 
(b) 
Figure 5-14 Delamination prone areas in FRP T-joints (a) schematic of experimental results; and (b) 
FEM with high through-thickness stresses [135] 
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When the specimens contain galleries the cracks emanate from a gallery within or 
closest to the stiffener delta edge. As the horizontal delamination propagates it 
intercepts galleries which are aligned normal to the direction of crack propagation. 
The galleries have a blunting effect on crack propagation which is indicated by the 
load-displacement curves (see Figure 5-13). The area under the load-displacement 
curve for each of the specimens was used to approximate the fracture initiation and 
propagation energy for that specimen (apparent strain energy) [136]. 
The normalised apparent strain energy for each specimen is given in Figure 5-15. The 
apparent strain energy increases slightly with increasing gallery size for elliptical 
galleries. The apparent strain energy for circular galleries seems to decrease slightly 
for the smaller gallery sizes, followed by an increase for the largest gallery (0.68 mm). 
Specimens containing elliptical (Figure 5-13a) or circular (Figure 5-13b) galleries fail 
by a higher number of load-steps, and a greater deflection than specimens without 
galleries. This indicates that crack propagation occurs in a run-arrest mode, which is 
caused by the blunting of the crack-tip as a gallery is breeched. The horizontal cracks 
propagate primarily under mode I stresses and hence it is reasonable to assume that 
the delamination toughening mechanisms responsible for increasing the mode I 
fracture toughness are also responsible for the run-arrest crack propagation in the T-
sections containing galleries.   
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Figure 5-15 Normalised Apparent Strain Energy (approximation using the area under the load – 
displacement curves) 
5.5 Conclusion 
CVM galleries can be located along the bond-line of aircraft joints as a means of 
monitoring the integrity of stiffened aircraft panels and structural joints, and 
ultimately achieving greater optimisation of joint design. The effects of circular and 
elliptical CVM sensors of varying sizes on the tensile pull-off strength of single lap 
joints and T-sections have been investigated for the first time. The strength of bonded 
lap joints is not affected significantly in the presence of small galleries and failure 
occurs by adherend interlaminar fracture. The tensile strength is affected, however, by 
galleries with a diameter or height equal to or greater than the adhesive thickness 
(which in this case is 0.32 mm), because of an inferior bond-line, with adhesive 
failure being the dominant failure mode. The strength of co-cured lap joints is not 
significantly affected by small galleries (gallery height < ~1mm), however some of 
the small galleries caused an improvement in the lap-joint strength. This may be 
primarily attributed to the presence of mixed mode I and II stresses at the crack front 
instead of pure mode II and the fact that the crack path was deflected around the wavy 
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plies as they bend around the galleries. The large galleries (1.84 and 2.98 mm) caused 
a small reduction in strength (up to 13%).   
Pull-off tests of T-sections containing circular or elliptical galleries of various sizes 
indicated a gradual reduction in strength with increasing gallery size. A simple 
analytical equation relating the reduction in cross-sectional area of the bond to the 
reduction in strength was developed. It was determined that a 1% reduction in the 
bond area due to the presence of galleries caused a 1% reduction in the pull-off 
strength. There was good correlation between the experimental results and the area 
reduction relationship. The T-joint failure mode incorporated the simultaneous 
development of vertical and horizontal cracks along the stiffener and the skin-stiffener 
interface, respectively. Run-arrest crack propagation was observed in specimens 
containing galleries, as a result of the galleries having an orientation normal to the 
direction of crack propagation and having a blunting effect on the crack tip. This 
toughening effect has the beneficial outcome of increasing the total strain energy 
absorption of T-joints containing CVM sensors under the aforementioned loading 
conditions and using the T-joint design defined in this experimental research. 
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Chapter 6 
  
Conclusions 
6 Conclusions 
This thesis has presented experimental results and some theoretical analysis for the 
evaluation of CVM sensors in aerospace carbon/epoxy laminates. An experimental 
research program examining the effect of CVM galleries of different shapes, sizes, 
orientations and spacing on the mechanical properties of laminates was conducted. 
Several analytical models have been developed to predict the properties of laminates 
containing CVM sensors. The models and empirical data from this PhD research can 
be used to identify the optimum configuration of CVM sensors in terms of gallery 
size, shape, orientation and spacing in order to minimise the effect of the sensors on 
the properties of aircraft composite structures.   
The effect of CVM galleries on the static and fatigue properties, ILSS and through-
thickness tensile properties of laminates were studied. The experimental results were 
evaluated using simple analytical models and the stress distribution and stress 
concentrations around galleries were determined using FE models. The research 
revealed that CVM galleries degrade the tensile and compressive properties of 
laminates when above a critical size. Galleries alter the microstructure of the laminate 
by reducing the average fibre volume content due to bulging, reducing the load-
bearing area, and increasing ply waviness; and these changes adversely affect the in-
plane stiffness and strength properties. 
The tensile and compressive moduli were reduced when the gallery diameter 
exceeded a critical size. The reduction in the elastic properties is more severe when 
galleries are aligned in the normal direction, and this is because of increased waviness 
of the load-bearing plies which does not occur when galleries are in the parallel 
direction. A simplified analytical model was proposed for estimating the elastic 
moduli of laminates containing galleries. The model considered the effects of bulging, 
reduced load-bearing area and ply waviness. The model can be used to estimate the 
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elastic moduli for any shape, size and orientation of galleries, and should be a useful 
analytical tool in the design of aircraft structures containing CVM gallery sensors.    
The tensile and compressive strengths also decreased when the galleries were above a 
certain size. As with the elastic properties, the strengths were reduced slightly when 
galleries were aligned parallel to the load direction. The modest losses in strength 
were due to reduced fibre volume fraction caused by bulging and reduced load-
bearing area. A simple model considering these effects was used to approximate the 
tensile and compressive strengths of laminates with parallel galleries. The strength 
properties were more severely degraded when galleries were aligned in the normal 
direction. The increased waviness of the load-bearing plies caused by normal galleries 
induces longitudinal splitting under tensile loading that lowers the failure strength.  
Increased ply waviness due to the normal galleries also decreases the compressive 
stress needed to induce microbuckling and kinking.  For this reason, the use of large 
galleries placed normal to the load direction in composite aircraft structures should be 
avoided, and better structural performance would be achieved using small, elliptical 
galleries that are aligned parallel to the load direction. 
Based on the property data, observations of failure mechanisms and modeling, it 
appears that minimising bulging, ply waviness, and loss in load-bearing area is critical 
to maintaining the in-plane stiffness and strength properties of laminates containing 
galleries. This is achieved by increasing the aspect ratio of the galleries so they are 
elongated in the load direction, minimising the gallery diameter, and maximising the 
gallery spacing. However, increasing the gallery aspect ratio may reduce the 
delamination fracture toughness and impact damage resistance because of the 
increased stress concentration at the gallery edge. Furthermore, increasing the gallery 
spacing has the adverse effect of lowering the resolution of the CVM system for 
detecting damage.  
The apparent interlaminar shear strength was also reduced by the inclusion of CVM 
galleries. The shear strength decreased at a linear rate with increasing size or number 
density of the galleries. The loss in shear strength was attributed to the reduced load-
bearing area due to the galleries, which increased the shear stress acting on the 
interply layer. The through-thickness tensile strength was not severely affected by the 
presence of interlaminar galleries, when the galleries were below ~1 mm in diameter 
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and when there was a single row of galleries along the laminate thickness. This was 
supported by the FEM results which indicated minimal interaction between the stress 
concentrations around interlaminar holes of ∼0.6 mm diameter and with 3-5 mm 
spacing. By varying the spacing of galleries in the FE model, it was discovered that 
the stress field around galleries spaced 5 mm apart does not interact with 
neighbouring galleries and hence the galleries can be considered as localised stress 
concentrations (i.e. not having a cumulative effect on the stress concentration at the 
interply layer). These localised stress concentrations are not high enough to cause 
delamination along the plane of galleries under a through-thickness tensile load and 
hence the laminate failure does not occur along the ply interface containing galleries.  
The effect of CVM galleries on the damage tolerance of CFRP composites was also 
investigated. The research revealed that the local mode I toughness is improved when 
galleries are aligned normal to the direction of delamination crack growth. The 
delamination toughness increased with the gallery diameter up to a critical size, above 
which the toughness appeared to remain constant (although exceptionally large 
galleries are expected to reduce the toughness). The improved toughness of the 
laminates containing elliptical galleries is attributed to blunting of the crack tip when 
it enters a gallery and the increased size of the plastic zone at the crack tip due to the 
thick interply layer. Crack tip blunting, crack tip yielding, crack deflection and 
fracture of the glass tubing account for the improved toughness of the laminates 
containing circular galleries. It therefore appears that the galleries can have the duel 
functions of SHM sensors and delamination toughening. However, mode I crack 
extension in the presence of galleries occurs in an unstable (slip-stick) manner which 
is an undesirable fracture characteristic.  
The mode II interlaminar toughness was also investigated for laminates containing 
CVM galleries aligned normal to the direction of crack growth. The mode II 
delamination toughness decreased with increasing gallery size. Above a critical size, 
the delamination growth occurred above or below the neutral axis of the beam, 
travelling around the galleries. Consequently, the galleries were not breeched during 
crack growth and the crack-tip blunting mechanisms that caused an increase in the 
localised mode I delamination toughness were not observed in mode II. This may be 
attributed to a mixed tensile and shear load acting on the laminate instead of pure 
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mode II, causing a higher stress concentration at the ply interface due to the mismatch 
in modulus between the 0o and 90o plies than what exists at the gallery edge. These 
results imply that CVM sensors may not be able to detect mode II cracks in laminates 
because they avoid the galleries.  
Investigation of the low-velocity impact damage resistance of laminates containing 
CVM galleries indicated that the improved mode I toughness provided by the galleries 
also appeared to reduce the length of impact damage in the direction normal to the 
galleries. The crack tip blunting mechanism appeared to be the main toughening 
process impeding the growth of delaminations formed under impact.   
The application of CVM galleries along the bond-line of aircraft joints as a means of 
monitoring the integrity of stiffened aircraft panels and structural joints was 
investigated. The effect of circular and elliptical CVM sensors on the tensile pull-off 
strength of single lap joints and T-sections was determined. It was discovered that the 
strength of bonded lap joints was not affected significantly in the presence of small 
galleries. The pull-off strength was degraded, however, by galleries with a diameter or 
height equal to or greater than the adhesive thickness (which in this case was 0.32 
mm) because of an inferior bond-line, with adhesive failure being the dominant failure 
mode. The strength of co-cured lap joints was not degraded by small galleries (gallery 
height < ~1mm), and interestingly some of the small galleries caused a modest 
improvement in the lap joint strength. This may be attributed to the presence of mixed 
mode I and II stresses at the crack front instead of pure mode II together with the 
crack being deflected around the wavy plies as they bend around the galleries. The 
largest galleries (1.84 and 2.98 mm) caused a small reduction in the lap joint strength 
(up to 13%).   
Pull-off tests on T-section joints containing circular or elliptical galleries revealed a 
gradual reduction in strength with increasing gallery size. A simple analytical 
equation relating the reduction in cross-sectional area of the bond to the reduction in 
strength was developed. It was determined that a 1% reduction in the bond area due to 
the presence of galleries caused a 1% reduction in the pull-off strength. There was 
good correlation between the experimental results and the area reduction model. The 
T-joint failure mode incorporated the simultaneous development of vertical and 
horizontal cracks along the stiffener and the skin-stiffener interface, respectively. 
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Run-arrest crack propagation was observed in the T-joints due to blunting of the 
bond-line delamination by transverse galleries. This toughening effect has the 
beneficial outcome of increasing the total strain energy absorption (or damage 
tolerance) of T-joints containing CVM sensors.  
The research demonstrated for the first time the influence of CVM galleries on the 
bond-line strength of composite joints. This work is a pioneering but preliminary 
assessment of the effects of CVM galleries on the structural integrity of bonded 
composite joints. CVM technology has significant potential applications for the 
structural integrity of bonded joints, but it is essential that further research is done in 
this area. Gallery location along the bondline is expected to have a large influence on 
joint integrity. The galleries should be located in regions where failure is likely to 
initiate, such as near the flange run-out (joint tip). Similarly, the effect of the type of 
joint loading on the structural integrity of joints containing CVM galleries is not 
known. This study examined the simplest loading case of tension pull-off, however 
other loading cases such as shear bending, compression and torsion are important but 
have not been investigated. It is essential that further research into the influence of the 
loading condition is conducted using experimental research methods. The effect of the 
ply lay-up is expected to have a modest effect on the structural integrity of joints 
containing CVM galleries. This is because the bond-line integrity is governed 
primarily by the interfacial adhesion rather than the stacking sequence of the plies 
within the stiffener and skin. Nevertheless, the effect of CVM galleries on the 
structural integrity of bonded composite joints with different ply lay-up patterns is a 
research topic worthy of further investigation. 
This research has identified two possible methods for embedding CVM galleries 
inside CFRP laminates which could be applied to composite aircraft structures at a 
commercial scale. The first method involves the inclusion of silicone tubes during the 
ply lay-up process and then their removal following post-cure to form a series of 
open-hole galleries with an elliptical cross section. The second method involves the 
inclusion of non-removable silica tubing to produce galleries with a circular cross-
section. Experimental findings revealed that to minimise the effect of CVM galleries 
on the in-plane mechanical and interlaminar shear properties an elliptical gallery 
cross-sectional shape is preferred over a circular sensor shape. Maintaining an 
Chapter 6   Conclusions      192 
 
elliptical cross-section reduces the degree of out-of-plane bending of the fibres around 
the galleries. Increasing the aspect ratio of the galleries so they are elongated in the 
load direction, reducing the gallery diameter, and increasing the gallery spacing are 
ways in which the effect of CVM galleries on the mechanical properties can be 
minimised. An optimal gallery orientation for minimising the effect of CVM galleries 
on the mechanical properties of laminates is parallel to the load application. However 
this may inhibit the ability of CVM sensors to detect cracks growing under mode I 
fracture but reduce the formation and propagation of impact damage cracks. 
Therefore, a case-by-case analysis to determine the critical load condition and load 
path for each structure to be monitored by CVM galleries is necessary before a 
general optimum gallery orientation can be established.  
The galleries considered in this investigation were within the size range (< 1 mm) and 
above the size of the CVM sensors expected to be used in composite aircraft 
structures. The research revealed that galleries with a length or diameter less than 0.8 
mm and a spacing of 3-5 mm did not generally result in a detrimental reduction of the 
mechanical properties of laminates, and often had a toughening effect on the damage 
tolerance of laminates. Further research into the application of extremely fine 
elliptical CVM galleries (less than 0.2 mm) would further enhance the body of 
knowledge by possibly identifying a single gallery size with a negligible effect on 
most, if not all, of the mechanical and damage tolerance properties of CFRP 
laminates. Further research into the tensile and compressive fatigue resistance is also 
recommended since the results in this research were limited. Ultimately, the design, 
application and testing of a CVM system within a prototype composite aircraft 
structure is essential.  
In order to establish a set of design parameters for the application of CVM galleries in 
carbon/epoxy laminates there is a need for further coupon testing in accordance with 
material certification parameters. New and improved materials and systems, such as 
the incorporation of CVM galleries to aerospace composite laminates, cannot be 
introduced into aircraft without appropriate material certification process. The 
certification of materials requires that thorough analytical evaluation, mechanical and 
environmental testing and computation analysis using finite element modelling are 
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carried out in order to ensure the functionality, safety, reliability and durability of new 
and improved aircraft structures.  
Certification regulations for structural materials are specified by aviation regulatory 
agencies such as the Federal Aviation Authority (FAA) in the United States and the 
European Aviation Safety Authority (EASA). Before a new material can be 
introduced to civil aircraft, it must comply with the certification standards specified 
the regulatory agencies. Military organisations often use their own certification 
specifications, and while generally are not as stringent as civil specifications they also 
require extensive mechanical testing and analysis.   
The certification process can be represented by the testing pyramid shown in Figure 
6-1. The certification method depicted here is also known as the “building-block” 
approach, and is widely used by the aerospace industry in order to establish 
mechanical property data, property knock-down factors, and validation of critical 
design features for structures. The certification process begins at the bottom of the 
pyramid where the mechanical properties of the material are determined by a series of 
coupon tests. Coupon sizes are usually about 100-200 mm long and 10-50 mm wide 
and tests are performed in order to determine basic property data, such as Young’s 
modulus, strength, fracture toughness and fatigue life. The coupon tests are carried out 
under a standardised set of conditions specified by standardization organisations, such 
as the American Standards and Testing Materials (ASTM).  
Certification testing of coupons involves determining material properties under 
different load conditions (e.g. tension, compression, bending) and operating 
environments (e.g. corrosive fluids, humidity, temperature). A large number of 
coupon tests are carried out, ranging from several hundred to thousands, in order to 
provide a statistical database of mechanical properties. When a large number of 
coupons tests are performed on the same material then scatter in the mechanical 
properties are determined. This data is then collated and used to determine the 
material allowables used for the design of aircraft structures.  
After a plethora of coupon tests has been carried out and the mechanical and 
environmental properties of the materials have been determined, the structural and 
environmental properties of aircraft parts built using these materials are measured by 
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large-scale testing. As shown in the certification pyramid, structural elements, details 
and sub-components that represent increasingly complex and more complete sections 
of the final aircraft component are subsequently tested. The final stage to the 
certification process is defined by the testing of the entire aircraft through full-scale 
testing. The full-scale testing is used to prove how successfully the aircraft is in 
meeting performance requirements and is therefore most critical step of aircraft 
certification process.   
 
 
 
 
 
 
 
 
Figure 6-1 Testing pyramid for certification of aerospace structural and engine materials. 
The coupon testing conducted in this research forms the foundation for further coupon 
testing until the first stage of the certification process can be completed. This research 
provides the basis for further coupon testing, which is essential in order to investigate 
all of the possible loading and environmental conditions likely to be encountered by 
composite structures containing CVM sensors.  
In order for this research to complete the first level of the certification process and 
therefore progress one step closer to aircraft real application there is a need for further 
research involving more mechanical coupon testing, further analytical evaluation of 
these coupon tests and more in-depth finite element modelling. Having established 
that the formation of controlled internal CVM galleries in composite laminates is 
possible, there is scope for further development of the research by establishing the 
G
en
er
ic
 S
pe
ci
m
en
s 
N
on
-G
en
er
ic
 S
pe
ci
m
en
s 
  Structural Features 
   D
ata B
ase 
C
ost &
 C
om
plexity of Tests 
Chapter 6   Conclusions      195 
 
level of dimensional gallery control able to be achieved through more sophisticated 
manufacturing methods. Furthermore, the effect of galleries on a variety of materials 
such as woven and stitched fabrics or simply other types of prepreg tape would also 
add value to the body of knowledge. 
Although some fatigue testing was undertaken, further research into the 
environmental durability of various composite laminate materials containing CVM 
galleries would be useful. This research was primarily concerned with the testing of a 
single row of CVM galleries running along the centreline of laminates. Further 
research into the placement of galleries and the possibility of through-thickness 
distribution of galleries may be of value when considering the impact damage 
detection of laminates containing CVM galleries. The results presented here provide 
the first step towards the application of CVM galleries to carbon/epoxy laminates; 
however the long and complicated journey towards the certification of aircraft 
composites with embedded CVM galleries for the detection of damage has only just 
begun.   
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